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Radio Proximity Fuze Design 


By Wilbur S. Hinman, Jr., and Cledo Brunetti 


The general principles governing the design of radio proximity fuzes are presented. 


The paper deals primarily with fuzes for smooth-bore projectiles,* such as bombs, rockets 


and mortars. 


were developed during World War II are given. 


Illustrations and descriptions of the various fuzes in this category which 


Within security regulations, there is a 


reasonably detailed discussion of the performance and construction of fuze components, 


such as the oscillator, the amplifier, the antennas, the power supply and the safety and 


arming mechanisms. 


and methods of inspection and quality control. 


There is also a brief description of production practices and problems 


I. Introduction 


Electronic arts are generally linked to in- 
lligence, and the radio proximity fuze follows 
he pattern. Intelligence might be described as 
he ability to adopt or change a course of action 
cording to the circumstances of the moment 
) give the most effective result without external 
fluence. This sense, which is the prime feature 
the radio proximity fuze, fulfills one of the 
eams of the ordnance man and provides a fuze 
bat increases weapon effectiveness many fold. 
a projectile can be made to explode at its 
osest approach to an airplane target, the effective 
ze of the target is increased greatly; if a pro- 
ctile can be made to explode above the ground, 
agments are sprayed out over a wide area 
stead of being buried in the ground at the point 
contact or directed harmlessly upward. 
The radio proximity fuze was developed to 
eet these requirements. It is an extremely 
all transmitting station with a receiver to 
tect any reflections of the transmitted wave. 





istinction is made between the application to rotating and nonrotating 
jectiles. The difference lies principally in factors such as power supply, 
ning mechanism, and physical structure. The first two considerations 
dependent primarily on the conditions of acceleration and motion. The 
bia structure is governed by the size and contour of the projectile. 


paio Proximity Fuze Design 





It works on the Doeppler principle, and operates 
whenever the amplitude of the reflected signals 
exceed a predetermined value. There is the 
additional restriction that the velocity of ap- 
proach must be such that the resulting Doeppler 
frequency lies in the relatively narrow frequency 
band for which the fuze was designed. 

As certain specific details of fuze construction 
still fall under the heading of classified informa- 
tion, it is necessary to introduce some generalities 
in this paper in order to meet security regula- 
tions. 
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The impact of this new application of electron- 
ics on military science and tactics is enormous. 
It is the counter-weapon to airplanes and robots 
raiding ships or cities. It is a new offensive 
weapon for airplanes. When used against en- 
trenched troops or troops on the march, it pro- 
vides a new order of importance for the shell, 
bomb, or rocket with which it is used. Some of 
the foremost military leaders have said that it 
precluded troop movement in the open. Re- 
membering that most military tactics depend 
upon the movement of troops and supplies for 
sudden attacks and quick support of defenses, 
one can begin to see the importance of the ap- 
plication. 

The work on proximity fuzes started in this 
country in August 1940 under Office of Scientific 
Research and Development auspices. In the 
spring of 1941, in order to press the development 
with maximum efficiency, the Navy assumed 
responsibility for the development and procure- 
ment of proximity fuzes for rotating projectiles, 
such as antiaircraft and artillery shells, while the 
Army directed the development of fuzes for non- 
rotating projectiles, such as bombs, rockets, and 
mortars. This paper deals with the Army phase 
of proximity fuze development. Some of these 
fuzes mounted on projectiles are shown in figure 1. 

The existence of an effective radio fuze was one 
of the best-kept secrets of the war. Scientists of 
all countries had the basic concept, but only the 
United States and her Allies were able to work 
from the concept to practical and effective opera- 
tion and production, for the radio proximity fuze 
is a paradox. Simple in general theory, it is 
extraordinarily complex in the variety of applied 
arts that are combined in its practical aspects. 

Much of the necessary engineering and develop- 
ment work was devoted to meeting exacting mili- 
tary requirements, such as (1) the fuze must fit 
existing projectiles using the same fuze well as 
the mechanical fuzes, and it must not project 
more than say 5 inches beyond the well; (2) it must 
be capable of withstanding long storage conditions 
at high and low temperatures and of operating 
under these conditions; (3) it must not alter the 
ballistic characteMstics of the projectile; and (4) 
it must meet other strict requirements relating to 
time of activation, safety, and performance. 

The size limitations for radio proximity fuzes 
were fixed by military necessity. One might 
think that in the case of a 500- or 1,000-pound 
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bomb, a few extra cubic inches or an extra pound 
or two would not be important, but bombs and 
bomb bays were already designed and in use. 4 
fuze projecting so far as to prohibit loading , 
fuzed bomb into the bomb bay would be useless 
Ballistic tables for all bombs were available, ané 
if the radio fuze affected the trajectory an¢ 
changed the bombing tables appreciably, use o| 
the fuze would be prejudiced. For the small 
projectiles, such as the trench mortar, size an¢ 
weight limitations were even more severe. On 
of the 81-mm mortar shells weighs approximately 
8 pounds, and unless the radio fuze is light an¢ 
fairly well streamlined, the range of the mortar if 
reduced—a severe handicap to its military effec! 
tiveness. 

Other basic difficulties are readily apparent 
Mortar fuzes must withstand acceleration of 
10,000 g. In the fuzes for bombs and rockets 
the projectile vibrations caused by flight velocities 
approaching or exceeding the speed of sound 
required great rigidity in the design of the fuzed 
and their components. Some idea of the energy 
producing these vibrations may be had by conj 
sidering conditions at terminal velocity. Ail 
friction and turbulence prevent further acc: leraf 
tion and do work on the bomb, which work 
appears as vibration and heat. For a 1,000-poun 
bomb at a terminal velocity of 1,000 ft/sec, th 
rate of energy dissipation is 1,000,000 ft-lb/seq 
or 1,356 kilowatts. Taking into account th 
desirable requirements of low cost and sma 
size, and with the further realization that a 
extraordinary degree of electronic stability if 
needed for satisfactory operation, it is evidenf 
that the performance requirements for thes 
electronic devices are very strict. 

These restrictions required the developmen 
of new, very small and strong components. Iti 
fortunate that “small” and “strong” go togethe 
Weight is proportional to the cube of the lines 
dimension, while the supporting area is propol 
tional to the square of the linear dimensior 
Thus, dimensional reduction by a factor of 10 result 
in an object whose strength under acceleratio 
is increased by 10. Resistance against centrifugt 
forces and bending moments is also greatly i 
creased by a reduction in size. This is the reaso 
that electronic components, generally consider 
delicate, can be constructed so as to withstan 
the high vibratory and accelerating forces whic 
are developed in the various projectiles. 
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II. General Description 


The radio fuze is essentially an oscillating de- 
ector. The operating signal is furnished by the 
ombination of the wave reflected from the 
arget with the voltage of the local oscillator. 
‘he time of travel of the radiated wave from the 
scillator to the reflecting surface, or target, and 
yack results in a phase difference between the 
ransmitted and reflected wave. If the distance 
o and from the reflecting surface changes, the 
elative phase changes. When the oscillating 
Bietector is approaching the reflecting surface, 
he phase change appears as an increase in the 
requency of the reflected wave, each returning 
ave front reaching the detector sooner than it 
ould if the oscillating detector were stationary. 
‘hus, the apparent distance between wave fronts 
shorter and the frequency is higher. 

The actual frequency of the returning wave 
since it must go to, and return from, the target) 

the outgoing frequency, f,, plus 2 (relative 
elocity/wave length) and the “difference” beat 
requency is 2 (relative velocity/wave length). 
he latter is the signal used to detonate the 
ize when it approaches the reflecting target at a 
reselected velocity (hence beat frequency) and 
hen it is close enough for the reflected wave 
» have sufficient amplitude. 

At useful operating ranges of from 20 to 70 feet, 
e amplitude of the reflected wave seen by the 
etector is of the order of a small fraction of a 
olt. Amplification is necessary to make this 
oltage large enough to operate the detonator 
mtrol circuit, usually a thyratron. A single-tube 
mplifier whose pass band is designed to favor 
1¢ reflected signal over spurious noise or other 
gnals, is used to increase the amplitude of the 
tected beat frequency to several volts, enough 
) cause the standard control circuits to function. 
A power supply and a mechanical safety arrange- 
lent to prevent premature operation of the detona- 
1 completes the primary components of the fuze. 
VT fuzes are designed to certain over-all 
‘nsitivities which, obviously, involve both oscil- 
htor and amplifier design. Greater amplifier gain 
ay completely compensate for a weak or in- 
ficient oscillator detector, but if a weak oscillator 
used without a commensurate reduction in the 
oise voltage (the peak rectified noise voltage at 
ie detector output), the signal to noise ratio is 
duced. 


adio Proximity Fuze Design 


Throughout the development and production of 
VT fuzes, electrical stability in the presence of 
severe vibration was a prime problem. Although 
generally called an electronic fuze, the structural 
and mechanical design required a great deal of 
attention. Improper design might cause the fuze 
to operate spontaneously prior to reaching the 
target. A large part of the engineering and 
development work was directed toward obtaining 
the best performance possible, for you cannot drop 
the same bomb twice. The work was directed 
along three general lines: 

1. Improvement of circuit stability. 

2. Reduction of tube microphonics. 

3. Reduction of vibration introduced by un- 
balance in the high-speed generator. 

Certain cardinal precepts were established early 
in the program. Shock mounting was not used 
because shock mounts have a low natural period 
with a multitude of harmonics. It was found 
preferable to make the parts “so rigid that there 
could be no relative motion.’’ Of course, this 
really means that the natural resonances of all parts 
were placed out of the range of the signal fre- 
quencies at which the amplifier was responsive. 
It was accomplished by extremely solid and rugged 
mounting of all parts and by careful design of all 
components. Ideally, all parts should be made 
as a block so that the completed fuze would be 
literally as solid as a brick. This ideal condition 
was approached by cementing the oscillator 
components into cavities in a solid insulator in the 
form of a disk one-half inch thick, the assembly 
being tightly fastened to a suitable heavy metal 
casting. The amplifier was built on a light Bake- 
lite or fiber chassis and set intoa cavity in the heavy 
casting. The cavity was then filled with a potting 
material so that all parts were fixed in position. 

The mounting of the fuze to the projectile was 
particularly important. For a given vibratory 
force, acceleration is inversely proportional to 
mass, and the effective mass is greatly increased 
if the fuze is made a rigid part of the projectile. 
Considering the vibration of the rotating system, 
a firm mounting between the fuze and the projec- 
tile did much to reduce its amplitude. 

Figure 2 is a cutaway view of one of the bomb 
fuzes and general circuit diagrams of the primary 
fuze subassemblies. A more detailed discussion 
of each of these subassemblies follows. 





Ill. Oscillator 


The primary problems of oscillator design are 
sensitivity, stability, and size. Sensitivity is 
defined as the absolute change in detected output 
voltage per unit change in antenna radiation 
resistance. It represented by the 
equation 


may be 


, SAR, 
AE= , 
R, 
where AV is the change in detected output 
voltage, S is the sensitivity, AR, is the effective 
change in radiation resistance, and R, is the 
radiation resistance, the antenna circuit being 
tuned to resonance. In the limit, the equation 
for sensitivity becomes 
S= dE dE . 
dR,/R, d(log R,) 


The latter form of equation suggests a simple 
method of measuring the r-f sensitivity. Measure- 
ments are made of detector voltage, EZ, for various 
values of radiation resistance, R,. The range of 
radiation resistance is selected to cover the values 
of all projectiles on which the fuze is to be used. 

The next step is to plot the detector voltage 
against the log of the radiation resistance. The 
slope of this curve is dH/d (log R,) and, therefore, 
is the r-f sensitivity. Note that the unit of r-f 
sensitivity is the volt and, again, is interpreted as 
the number of volts change in detector voltage per 
unit of change of radiation resistance. 


Any oscillating detector will have appreciab| 
r-f sensitivity for a reasonable range of radiatio 
resistances. In a well-designed system, the ose] 
lator is stable and the sensitivity is high fg 
radiation resistance values varying over a larg 
range. This is an important factor in fuze d 
sign, since it allows use of the same fuze with 
variety of projectiles, small and large. Class ( 
oscillators are generally used because this typ 
gives high sensitivity with good stability and | 
largely independent of tube characteristics ary 
radiation resistance. 

In addition to considering the change in voltag 
in the presence of a change in radiation resistanc¢ 
one must consider the absolute value of detects 
voltage, V. For a given sensitivity, the lower w 
make the value of V, the lower will be the noi 
voltage. Any circuit which increases the sens 
tivity to noise ratio is to be preferred, even thoug! 
the absolute signal voltage is low, for low signal 
are easily amplified. 

Note, then, that the radio fuze does not requi 
a detector which is sensitive in the usual sense; i. 
responsive to extremely weak signals. Efficien 
is a better word; that is, we are interested in t! 
percentage of the voltage developed by ti 
oscillator that appears at the detector outpu 
when the oscillator approaches to a fixed distan 
from a given type of reflector. The higher th 
percentage, the more stable is the fuze. 


IV. Amplifier 


Fuzes have been designed to operate at dis- 
tances up to 70 feet against aircraft and up to 
several hundred feet over ground. At these 
distances, the reflected signal is a small fraction 
of a volt. This low voltage does not provide 
a safe margin for controlling the gas relay (thy- 
ratron) used to detonate the fuze, and so it must 
be amplified to a reasonable working voltage. 
While this is the primary amplifier function, 
other considerations apply, without which satis- 
factory operation could not be attained. 

The first of these is discrimination against 
microphonics and other stray noise. The Doep- 
pler frequencies lie in a rather narrow band for 
any individual fuze and projectile, (F=2V/d). 
Bomb velocities, for instance, vary from about 
400 to 1,000 feet per second, depending on the 
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altitude from which the bomb is dropped, wh 
rocket velocities of projectiles used in World W 
II varied from 1,000 to 1,800 feet per secon 
Frequencies other than the corresponding Doe 
pler frequencies play no useful role in the radi 
fuze, and every effort is made to reject the 
through the use of band pass amplifier circuit 

The use of wind-driven alternators (describe 
later) gives an additional reason for restrictin 
the band width of the amplifier. Many fuzes a 
required to be operative in less than a secon 
so that directly heated filaments must be use 
By keeping the alternator frequency outside 
the Doeppler range, the frequency cutoff of t! 
amplifier discriminates against the hum in ti 
a-c filament supply to such an extent that filamen 
center tapping is not needed. 
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Another consideration is the class of target. 
There are two general types—the ground and the 
aerial target. The ground is considered to be a 
level plane, and the Doeppler frequency is pro- 
portional to the vertical component of velocity. 
The aerial target as represented by the airplane 
has a complicated reflection characteristic whose 
reflecting power can be roughly compared with 
that of a tuned half-wave dipole insofar as general 
characteristics are concerned. The actual re- 
flecting power is determined by a series of field 
measurements. 

To understand the factors affecting the optimum 
gain frequency characteristics of amplifiers, it is 
necessary to consider the directivity, or radiation 
characteristic of the antenna. Nearly all radio 
fuze antenna systems are rather highly directional. 
Since the same antenna is used for transmitting 
and receiving, the sensitivity characteristic is 
the square of the radiation characteristic. Pro- 


jectiles approach the ground at a variety of 
angles and the fuze should not detonate the pro- 
jectile at heights above ground which are sharply 
dependent on the angle of approach; a uniform 
burst height is desired. 

Depending on the type of antenna, the gain- 


frequency characteristic is adjusted to give a 
uniform height of function for the fuze for any 
angle and velocity of approach to the target. 
The two most common antenna types are the 
longitudinal, employing the body of the projectile 
as the antenna,’ and the transverse, employing a 
bar as a dipole disposed at right angles to the 
projectile axis (fig. 1). Longitudinal and trans- 
verse directivity envelopes, i. e., for ring-type 
and bar-type fuzes, respectively, mounted on 
bombs, are shown in figure 3. Minimum radia- 
tion occurs, of course, on the axis of the antenna 


Ficure 3.—Radiation patterns for bomb fuzes. 


a) Ring-type, (b) bar-type fuze. 


r-f energy is end-fed to the body through the antenna ring or cap of the 
12e 
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in each case and maximum radiation is roughly 
at right angles to that axis. 

For the longitudinal type, it is obvious that the 
radiation is least for a vertical drop, and it ap- 
proaches a maximum as the angle with respect 
to the vertical is increased. Now, as the vertical 
component of velocity is highest for high-altitude 
bomb releases, the angle with the vertical is 
small, the radiation is low, and the Doeppler fre- 
quency is high. For this condition, high amplifier 
gain compensates for the low power radiated 
toward the target. Conversely, for low-altitude 
bomb releases, the vertical velocity is low, the 
angle with the vertical large, and the Doeppler 
frequency low. Here, less amplifier gain com- 
pensates for the higher power radiated toward 
the target. By proper design of the amplification 
characteristic, the height at which the fuzed 
projectile functions may be held quite uniform, 
regardless of the altitude of release. This will be 
treated in more detail later. 

The second type, the transverse antenna, has a 
substantially constant radiation toward the ground 
for all except extremely low altitude releases, 
where the angle of fall with respect to the vertical 
is very large. The amplifier for this type fuze has 
essentially constant gain over the corresponding 
range of Doeppler frequencies. Figure 4 shows 
representative gain-frequency characteristics for 
the two types of fuzes. 
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Ficure 4.—Typical amplifier characteristics. 


(a) Ring-type fuze, (b) bar-type fuze 











The radio fuze for aerial targets presents prob- 
lems in amplifier design that differ from those of 
the application over ground. The requirement is 
that the fuze must function at the optimum point 
as it passes the target. The fragments of an 
exploding projectile have two velocities—one due 
to the projectile motion and the other due to the 
explosion. The greatest concentration of frag- 
ments is at right angles to the path of travel of the 
projectile axis (statically). The projectile velocity 
combines with the velocity generated by the ex- 
plosion to cause the equatorial spray of fragments 
to move forward of the normal to the projectile. 
Thus, the optimum point for detonation is that 
where the line from the projectile to the target 
makes an angle of from 15 to 30 degrees with the 
normal to the trajectory. 

The preferred type of antenna for aerial targets 
excitation, 
only when the 
projectile commences to pass it. Consideration of 
the Doeppler signal pattern, commonly called the 
M wave, as a fuze passes an aerial target will show 
the means of using the amplifier characteristic to 
control the burst point (fig. 5, a). Consider a 
projectile approaching an aerial target from a 
distance. The Doeppler frequency depends on 
the relative velocity of the projectile and the 
reflecting target. For a target and a projectile 
traveling in the same direction, 


F elVi= V2) 


i cos 6, 


is that using longitudinal because 


radiation reaches the target 


where V, is the projectile velocity, V, the 
target velocity, and @ the angle between the pro- 
jectile trajectory and the line connecting the 
projectile and the target. Thus, when the 
projectile is distant from the target, cos @ = 1, 
while at the instant of passing the target, cos 
6=0 (for an idealized point target). As the 
projectile approaches the target, the Doeppler 
frequency changes continuously from that cor- 
responding to the difference of the projectile and 
target velocities to zero, being at all times pro- 
portional to cos @. If the amplifier is peaked 
sharply at a frequency corresponding to some 
value of cos 6, the amplifier will be most sensitive 
at that frequency (or angle), and the fuze will be 
most likely to explode at the corresponding point 
on its trajectory, the exact point being influenced 
by the radiation pattern. A typical amplifier 
gain-frequency characteristic is shown in fig- 
ure 5, c. 
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The M wave signal at the amplifier output jj 
shown in figure 5, b. This is the M wave, of figur 
5, a, modified according to the amplifier gain fo 
the varying frequency. 

Most of the amplifiers use only one tube. Thj 
high degree of selectivity is shown in figure | 
It is obtained through the use of strongly regener! 
ative-degenerative circuits. Noise or hum voli 
ages large enough to overload the amplifier my 
appear at the input, but by feeding the correspo: 
ing out-of-phase voltage back from the output, t! 
undesired voltages are bucked out and suppress: 

Conventional resonant L-C circuits are used 
combination with the feedback circuits to provi 
the flat-top band pass characteristic needed for t! 
transverse-excitation type of fuze. The practic 
of tuning the resonant circuit to the lower limit 
the desired frequency band was widely us 
Other types of circuits are, of course, possible, by 
space limitations and circuit complexity prejudi 
their use. 
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Fiaure 5.—Reflected signal from aerial target and ampli; a 
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(a) Reflected signal, (b) reflected signal altered by fuze amplifier 
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V. Radiation, Reflection and Operating Range 


The distance at which a reflected signal is large 
,ough to operate the radio fuze and explode the 
rojectile is dependent on several factors, both 
nternal and external to the fuze. The internal 
actors that control the height of function are 
f sensitivity, over-all amplification, shaping of 
“We amplifier, thyratron characteristics, and the 
Mme delays in all the electrical and explosive 
aths in the device. External to the fuze, con- 
Wolling factors include the radiation pattern of the 
ojectile acting as an antenna, external geometry 
the fuze-projectile combination, radio frequency, 
flection coefficient of the target, geometry of the 
rget, angle of approach, and the relative velocity 
projectile and target. 
Although the above factors present a most 
;wieldy number of variables, it has been possible 
a combination of theory with laboratory and 
ld experiments to arrive at formulas for com- 
ting burst distances with considerable accuracy. 
e general method of solution is the same for 
by type of target provided some knowledge of the 
fiecting properties of the target is at hand. For 
b aerial target, the reflection coefficient, both in 
Magnitude and phase, as a function of aspect 
gle, may be determined experimentally. Actu- 
My, however, the reflection coefficient of such 
Mets varies so much with angle of approach and 
pe of construction, i. e., metal, plastic, etc., that 
erage figures are assumed for various targets 
d used for all computations regarding this 
Meet. Thus, for example, a certain type of 
plane might be equivalent in reflecting proper- 
s to five half-wave electric dipoles (i. e., the 
lection was five times that of a tuned half-wave 
ublet oriented for maximum reflection). 
In the case of a bomb approaching level ground 
an angle, the first step in the calculaion of 
ight of function is to assume the earth to be an 
hnitely conducting plane. The signal reflected 
*k to the bomb (which we shall call the driving 
tenna) is the same as that radiated by a mirror 
age of the bomb (or antenna) located as far 
ow the conducting plane as the real bomb is 
ve it. Thus, the field produced at the driving 
tenna by the image antenna is calculated in 
ns of current in the driving antenna, frequency, 
| geometry. To simplify the remainder of the 
ivation, the image antenna is now assumed 
be a half-wave dipole and the voltage, e, induced 
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in it by a given current in the driving antenna is 
calculated. Applying the reciprocity theorem, the 
same current at the center of the dipole gives the 
same induced voltage, e, at the feed-point of the 
driving antenna. Thus, the voltage induced in 
the driving antenna by the image dipole is found. 
If this voltage is multiplied by the ratio of the 
fields produced at the driving antenna by the 
image antenna and the image dipole, it will 
yield the true reflected voltage. 

The field surrounding the antenna contains three 
components—the radiation field, the induction 
field, and the quasi-static field. For many practical 
purposes, only the radiation field need be con- 
sidered. This simplifies the calculations and 
provides an easy working formula for determining 
operating heights. For the case of a bomb 
approaching ground at height, A, over terrain 
having a reflection coefficient, n, the Doeppler 
voltage detected by the fuze will be 


Vem pa 0(0) volts (rms), (1) 
2 


where 
S=the r-f sensitivity of the fuze, 
k=a constant that is principally a function of the 
wavelength 
¢(@) sin @d@ (this expression may 
B= f be readily computed 
0 : 
by numerical inte- 
gration) 


@=the angle of the major axis of the bomb 
with respect to the vertical. 
(0) =the directivity envelope (See fig. 3.) 


Assume the input to the amplifier required to 
fire the thyratron is V; volts (r. m. s.), measured 
at the Doeppler frequency corresponding to the 
altitude at which the bomb is dropped.? Inserting 
this value in place of Vz in equation (1) yields 
the height of function. 


= knS 
Vrbs 


All the time delays in the fuze system total less 
than 5 milliseconds, so that at normal operating 


h (0) feet. 


1 Frequency= _2V A c/s 


V= V 2¢ (altitude) 





ranges and speeds, they can be neglected without 
appreciable error. 

A structure for obtaining a directivity envelope 
for a fuze mounted on a 500-pound bomb is shown 
in figure 6. Provision was made for continuous 
rotation of the structure. In the figure, the 


operator is reading the angular position on the} 
ground protractor. The signal radiated by the 
fuze-bomb combination is picked up by a receiver) 
located approximately 100 feet away. The 
intensity of the signal is measured for each angular 
position of the bomb. 


VI. Power Supply 


In addition to the requirements of small size 
and reliable operation at substratosphere tem- 
peratures (—40° C.) and tropical conditions 
(+60° C., high humidity), the principal require- 
ments that had to be met in the design of a 
universal type of power supply for the rocket, 
bomb, and mortar applications were that it 
must have a long shelf life, and be a permanent 
part of the fuze; i. e., should not have to be as- 
sembled to the fuze in the field. 

A careful study of all methods of power supply 
led to the selection of a wind-driven a-c generator 
with a suitable rectifier-filter system as the most 
practicable solution to the problem. Consider- 
ably more than the necessary power to operate 
such a device was available in the wind stream, 
and with proper mechanical design, it could be 
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Fiaure 8.—Generator circuit and characteristic. 


(a) Circuit arrangement, (b) voltage-speed characteristic. 
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harnessed without appreciably affecting the ballis) 
tics of the projectile. In fact, only a tiny fraction) 
of the power available in the air stream way 
needed to supply the electrical energy for thi 
fuze. The generator power supply not only me/ 
the requirements outlined above, but provided} 
the additional feature of an exceptionally sail 
method of arming the fuze, to be described late 
One of the power supplies used in the bomb an( 
rocket fuzes is shown both in assembled ané 
exploded views in figure 7. | 

The a-c generator consisted of a six-pole magne 
rotating within a stator carrying the coils nf 
which the voltage is generated. The rotor of 
this alternator was a simple cylinder approx 
mately 1 inch in diameter and one-fourth inc 
thick. Composed of Alnico, it was magnetized it} 
production by simply inserting it in a six-polf 
magnetizing fixture and sending a brief pulse 0 
unidirectional current through the six coils « 
the fixture. For the stator, either a standar 
six-coil six-pole arrangement or a single-coil six- 
pole winding, little used in modern practice but 
of a type described in literature dating back t 
1896,3 was employed. Separate windings wer 
used for the A and Bsupply. C bias was obtainey 
from the rectified B voltage. 

By properly shaping the amplifier gain-frequenc 
characteristic, it was possible to use alternating) 
current directly on the filaments of all tube 
A bridge rectifier was used for the plate and bia# 
supply and filtered by means of a simple R 
filter, as shown in figure 8, a. An extra resistoy 
(R.) inserted at the low-petential side of the # 
output provided the necessary C voltage. Thi 
allowed the C voltage to be a definite fraction o 
the B voltage and to vary in the same manne 
as the B voltage. Thus, some compensation wi 
provided for variations in B voltage from generat 
to generator in production. 

The large leakage reactance of the high-voltage 


* Edwin J. Houston and A. E. Kennelly, Electrodynamic machinery @ 
continuous currents. (The W. J. Johnston Co., 1896.) 
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inding was made use of in achieving excellent 
voltage regulation with speed. In the various pro- 


ectiles employed, speeds ranged up to 125,000 
pm, the higher speeds occurring in the turbine 


models. With care in design, the top speeds could 
he reduced to less than 100,000 rpm, but the range 
as still large. The normal open-circuit voltage 


™{ this type of alternator increases almost linearly 
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‘ith speed. The obvious step in obtaining good 
egulation was to raise the voltage at low speeds 
by resonating the leakage inductance with an 
xternal condenser. This was the method adopted. 
Jsing the shunt regulation components R, and C,, 
peed regulation characteristics similar to that of 
gure 8, b were obtained. The plateau is reached 
ta speed below that at which the fuze is armed; 
hat is, at which the fuze is ready to function 
lectrically. The purpose of resistor, R,;, was to 
roaden the resonance effect of C, and the gen- 
ator leakage inductance and thus limit the volt- 
ge at resonance to give constant voltage at all 
peeds above resonance. 
By virtue of the inductive coupling between the 
i and B windings, the impedance reflected into 
1e A voltage circuit, with the B regulation com- 
ments and proper B load in place, was such as 
provide an A voltage speed-regulation curve 
milar to that of the B circuit. 
Full-wave rectification was obtained by means 






















@ selenium rectifiers in the four arms of the bridge. 


some applications, a voltage-doubler rectifier 
reuit was employed, allowing good performance 
ith half the number of rectifier cells. 
One of the important factors which helped to 
ake possible the tiny generator-powered radio 
oximity fuze was the development of small 
lenium rectifiers. The rectifier itself, in 1 of 
he applications, was composed of 10 cells, each 
out one-fourth inch in diamater. 
Choice of the selenium rectifier was based on 
merous considerations, including both the 
nomical and the physical. Vacuum tubes 
uld have provided a suitable solution to the 
oblem of rectification; however, their cost and 
culties of production, including time, tools, 
hd strategic materials needed, made it imperative 
an an inexpensive and easily produced substitute 
found. Then, too, vacuum tubes draw fila- 
nt power and in addition had to be made 
gged. For example, in the trench mortar 
plication, the fuze is designed to withstand a 
-back force of 10,000 times that of gravity. 
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This set-back occurs as the shell is fired. Al- 
though the ruggedness necessary was accomplished 
in the design of the tubes, in order to obtain it, 
special features of construction were necessary, 
with the attendant increase in cost and difficulty 
of production. It was felt that wherever possible, 
substitutes for vacuum tubes would be desirable 
in a device of this type. 

Both selenium and copper oxide rectifiers were 
tested. The latter have especially desirable 
features and in the early stages of development 
appeared to be favorably adapted to the problem. 
In particular, they show a low reverse dynamic 
characteristic—that is, low conduction of current 
in the reverse direction. However, concentrated 
development on the selenium disk soon resulted in 
the obtaining of reverse characteristics which 
exceeded those of the copper-oxide rectifier. Also, 
the copper-oxide rectifier did not perform as well 
under the extreme ranges of temperature met in 
practice, especially at low temperatures, and full 
attention was soon focused on the selenium 
rectifier. 

The exact method of manufacture of selenium 
cells is regarded as a trade secret. However, a 
general idea of the method may be told. 

The cells are made on a base metal, such as 
steel, aluminum, etc. A large strip of metal is 
used and the individual cells are partially punched 
out, being held to the strip by 0.005 inch of metal, 
which keeps the cells on that particular strip 
together throughout all the subsequent manu- 
facturing procedure. 

Selenium powder is applied to the strips, which 
are then baked under pressure at approximately 
115° C. The strips are again put into an oven, 
this time without pressure, and held at a tem- 
perature of slightly over 200° C. Care is exer- 
cised as this is very near the melting point of 
selenium. A shiny black appearance resulting 
from the first baking now changes to a crystalline 
grey. This practice is called annealing. 

Following this, the cells are placed over a vapor 
of selenium dioxide. The material adhering to 
the selenium forms a thin layer and acts as a 
catalyst in the formation of the barrier layer. 
Finally, the counter-electrode is sprayed on, & 
mask being used to prevent a short circuit at the 
cell edges. The cells are now electroformed by 
connecting them to a source of d-c voltage. 

The assembly of rectifier cells in their containers. 
shown in figure 7, met rigid microphonics tests. 


Impellers of both propeller and turbine type 
were employed, the former on rocket and bomb 
fuzes and the latter on the mortar and also on one 
of the rocket fuzes. The propeller type was 
either molded of Bakelite or stamped out of steel. 
The turbine type was die cast. The pitch was 
selected at a value that gave the best compromise 
between fast starting and low top operating speeds. 

The extremely high rotational speeds at which 
the generators were operated introduced severe 
mechanical problems. Even with the small de- 
gree of unbalance in early models, strong vibration 
resulted, and bearings were destroyed in a rela- 
tively short time. The introduction of commercial 


ball bearings in place of the sleeve bearings 
originally used gave a material improvement in 
performance. 

The rotor, in addition to possessing excellent 
magnetic properties, required special metallurgical 
design to withstand the high speeds without 
tearing apart. Vanes were also balanced. End 
play in the rotating system was kept to minute 
figures hitherto thought impossible in small de- 
vices designed for very high production rates. 
For the higher generator speeds, more attention 
was given to balancing of the rotating system, and 
operation was so much improved that it was 
possible to return to the use of sleeve bearings. 


VII. Safety and Arming 


The radio proximity fuze, when armed, is 
sensitive to any sort of motion or action in its 
neighborhood that will change the amplitude of 
reflected waves (at a rate at which the amplifier 
is responsive). One may cause the fuze to operate 
by waving a Bakelite rod close to it, or by touching 
two wires together at a considerable distance 
from the fuze. Touching a metal pipe or any 
other ground or metal object may change the 
reflected signal enough to fire the fuze. For this 
reason, exceptional care must be taken to see 
that the fuze circuits are not completed until 
the fuze is well away from the firing or release 
point. A fuzed bomb or rocket must be many 
hundreds of feet away from the plane or the 
ground firing point before there is any possibility 
of the fuze functioning. Several safety means are 
employed. (1) A thick metal plate, usually 
called an interrupter plate, is interposed between 
elements of the explosive train so that if the 
electric detonator is discharged prematurely, the 
main explosive charge cannot be set off. (2) The 
electric detonator is disconnected from the power 
circuit. (3) With generator-powered fuzes, there 
is no power available to set off the detonator 
until the projectile is moving through the air at 
a high rate of speed. 

Arming the fuze is accomplished through a 
gear train, driven by the same vane that drives 
the generator. Rotating the gear train removes 
the interrupter plate and connects the electric 
detonator. Thig occurs after the vane has made 
a preset number of revolutions corresponding to 
a fixed distance of air travel. The usual arming 
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distance varies with type of projectile employed 
and may be as much as three or four thousand 
feet. Figure 9 includes a break-down of safety 
devices which, in the unit shown, are built into 
the power-supply assembly. 

The detonator is set off-center in the detonator 
rotor, and its terminals are connected to contacts 
on the face of the rotor. When the fuze is not 
armed, the detonator is misalined a number of 


degrees from a small hole in the interrupter plate 
The hole is filled with tetryl, a material widely 


used in explosive train elements. The tetryl cup 
holds a larger charge of tetryl, which is used to 
detonate the main explosive charge of the pro- 
jectile. As the vane turns, the reduction gear 
train slowly turns the rotor by means of a slow- 
speed shaft. When the detonator is directly 
above the tetryl-filled hole in the plate, contact 
with the detonator leads is made; the rotor is 
released from the slow-speed shaft and locked in 
place, completing the arming of the fuze. 

In using the bomb fuzes, an arming wire 
attached to the airplane is threaded through 4 
metal pin on the fuze, which is arranged to block 
the fuze vane from turning. As the bomb is 
released, the wire is withdrawn, the metal pin 
falls out, and the vane is free to turn and arm 
the fuze. 

Rocket and mortar fuzes require other safety 
means. These fuzes have accelerating forces of 
from 10 to 10,000 times gravity at the moment of 
firing. Mechanical locks, which release the vane 
under the forces of acceleration, prevent arming 
of the fuze except when it is fired. 
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VU. Tubes and Other Components 


Much of the effort expended on radio fuzes was 
directed toward the development and procure- 
ment of small and rugged components. Chief 
among these were the tiny tubes, as no suitable 
tubes were available at the start of the war. 
Work was started with various tube manufacturers 
on improving the hearing-aid types of tubes, the 
initial steps being taken by the Navy shell fuze 
development group of the Johns Hopkins Applied 
Physics Laboratory. Tube work on the Army 
phase of the fuze program at the same companies 
was directed primarily toward developing tubes 
free from microphonics in the presence of severe 
vibration. 

Many new testing methods and procedures had 
to be developed, along with rigid manufacturing 
controls. As a result of this work, a very strong 
and stable line of inch-long tubes about five- 
sixteenths inch in major diameter were developed 
and produced in sufficient quantity to meet the 
heavy production requirements of the proximity 


fuzes. None of the production programs were 
ever delayed by lack of tubes. 

For most of the other components, such as 
condensers, resistors, and coils, there was a 
continuous effort to reduce size and improve per- 
formance at extremes of temperature and humid- 
ity. Too much credit cannot be given to manu- 
facturers of these items for the manner in which 
they engineered and produced the large quantities 
required. 

Another important phase of the project was 
the development of suitable plastic materials for 
the nonmetallic parts of the fuzes. These parts 
included the nose cap, oscillator blocks, coil forms, 
and numerous housings for other components. 
Rigid mechanical requirements were imposed on 
the plastics by virtue of the severe strains to 
which the fuzes were subjected. In addition, 
those parts located in the high-frequency circuits 
had to have especially good electrical properties. 
These problems were solved by the close coopera- 
tion of plastics manufacturers. 


IX. Production and Laboratory Testing 


Perfection is a prime requirement of ordnance 
items. A bombing mission may carry 1 or 2 
dozen bombs in a round trip of as much as 2,000 
niles. Into the venture goes a bomber costing 
hundreds of thousands of dollars and a crew too 
valuable to reckon in money. For each fuze 
that fails to function, one bomb is lost to the 
mission and the whole mission may be jeopardized. 

In order to assure the best possible fuze operation, 
arigid system of production and field testing was 
instituted before release of the fuzes to the war 
theaters. Each fuze had to pass a comprehensive 
final test, and each subassembly was carefully 
checked prior to final assembly. Proper in- 
spection on the line was of paramount importance, 
Usual production practices for electronic equip- 
ment could not be followed, for a device con- 
structed to ordinary camera model radio set 
specifications could hardly withstand firing in a 
rocket or mortar. 

Special inspection agencies were set up by the 
Army Signal Corps or Army Ordnance Depart- 
ment in each area of production to further the 
Ngid inspection system. 

The assembly lines were either of the conveyor 
or the pass-along system. Every fifth or tenth 
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operator was an inspector, and a defect in a sub- 
assembly could not go far without detection. 
After passing minute inspection, both mechanical 
and electrical, samples of units were selected 
from each lot produced and shipped to the 
National Bureau of Standards. There they were 
tested to exhaustion in the specially built Con- 
trol Testing Laboratory. They were put through 
life tests, low- and high-temperature tests, tem- 
perature cycling from one extreme to another, 
humidity tests, salt-spray baths, and a very rude 
jolt test, after which they were required to perform 
properly. After the units were packed in special 
hermetically sealed cans for shipment overseas, 
they were subjected to a packaging test.‘ This was 
somewhat akin to being dropped off a truck and 
jostled around in every conceivable direction 
hundreds of times. Again the units were ex- 
pected to perform properly after the test. 

At the Control Testing Laboratory, the sample 
units were disassembled and each subassembly 
and the principal components subjected to detailed 
analysis to determine potential sources of failure. 
Out of these tests came recommendations for 


4 By experts at Picatinny Arsenal. 
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improvement in design. A special production 
engineering section was set up at the National 
Bureau of Standards to act as liaison between 
development groups, pilot production lines, con- 
trol testing, and mass-production plants. Valuable 
trade secrets were exchanged freely between man- 
ufacturers in the common interest. 

The production line of one of the modern fuze 
plants is shown in figure 10.5 This plant utilized 
an overhead conveyor system for passing units 
from the final assembly line to final test, thence 
into the packing room. A closeup of the conveyor 
system and a final test chamber is shown in figure 
11. A fuze is within the chamber; the end of its 
power-supply assembly is seen projecting from the 
chamber face. A jet of high-pressure air drives 
the vane. 

Throughout production, testing of completed 
fuzes remained the most pressing single problem, 
principally because of the difficulty of accurately 
simulating in a test fixture the actual conditions of 
a projectile in flight. 

The final test chamber had to present both an 
electrical and a mechanical load to the unit. A 
dummy antenna was used to simulate the radiat- 
ing body of the projectile. Mechanically the 


X. Field 


Before any lot of fuzes could be accepted for 
shipment to the field of action, a sample had to 
pass an Ordnance proving-ground test. In the 
case of bomb fuzes, they were tested in bombs 
dropped over land and water. The beight of 
function was measured and the lot accepted if the 
units operated within specified limits. The height 
test was not the only test. Numerous safety tests 
with and without high explosives were made to 
assure proper operation of the arming and safety 
devices. 

Interesting proving-ground tests of a fuze for 
the Army 4%-inch rocket were carried out at the 
Div. 4 N. D. R. C. proving ground at Fort 
Fisher, N. C., near Cape Fear. In the first tests 
at that station, an attempt was made to use 
aerial targets held aloft by small barrage balloons. 
Testing difficulties were many, for a radio fuze is 
sensitive to its departure from ground as well as 
to its approach to ground. Furthermore, early 
rocket projectors and aiming mechanisms were 


* Courtesy Emerson Radio and Phonograph Corporation. 
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fuze was screwed into a mount that simulated the 
mechanical condition when screwed into the nose 
of a bomb, rocket, or mortar. Thus mechanica! 
resonances in the fuze were allowed to play their 
full part in generation of electrical noise. Not 
only was the electrical noise measured on final 
test, but other parameters of oscillator, amplifier, 
and power-supply performance were determined 
with close-go and no-go limits. In this manner 
uniform operation in the field was assured. 

Women operators were generally used to oper. 
ate these stations. It is a distinct credit to then 
that they were by far the majority of the worker 
who built and tested these complex electr. 
mechanical devices. 

A subassembly test station is shown in figuy 
12. This station was used to check the r-f and 
a-f performance of one type of bomb fuze. The 
fuze head is shown clamped in the reclining side 
of the cube-shaped metal box. With the sid: 
moved up in place so as to close the box, an r/ 
load of approximately infinite impedance i 
presented to the oscillator. Any desired load 
may then be added by connecting a suitable ri 
resistor from the oscillator antenna lead to the 
side of the box. 


Testing 


crude and did not permit accurate sighting on 


a target swaying in a wind. It was then realized 
that if the projectile could be fired with it 
trajectory parallel to a plane surface, free space 
conditions would be simulated, and fixed range cor- 
ditions could be established. Such an arrangemen' 
is shown in figure 13. The rocket-firing tower 
shown at the left and a simulated bomber 
the right. The latter was made of plain chicka 
wire supported on four telephone poles. As the 
rockets were fired approximately horizontally 
variations in the terrain between tower and targe! 
would produce undesired voliage ripples in the 
output of the amplifier. To eliminate thi 
imperfection, the ground below was leveled of 
with a bulldozer. In this manner the fuze, whic 
is insensitive to reflections of constant phase, wi 
unaware of the fact that it was not traveling 
free space. In figure 13, a puff may be seen belov 
the end of the left wing where a rocket wit 
a radio proximity fuze fired on passing the targe' 
Smoke puffs were used in place of high explosive 
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in the rocket to indicate the point of burst and 
avoid replacing the target after each shot. On 
passing the target, the rocket continued on into 
the waters of the Atlantic Ocean, which may be 
seen on the horizon. 

In a treatment of this type, only a glimpse may 
be had of the large amount of testing that was 
carried out on the radio fuzes in proving in the 
design and quality of manufacture and determin- 
ing the performance in the field. Thousands of 
acceptance tests were made at many proving 
grounds in this country, and innumerable opera- 
tional tests were made here, in England, and on 
the continent. Added to this was the valuable 
information yielded by the enemy, who, so 
obligingly, supplied targets for numerous tests 
funder actual battle conditions. 


The program was conducted under the sponsor- 
‘ship of the Army Ordnance Department and the 


adio Proximity Fuze Design 


National Defense Research Council, and with 
the assistance of the Signal Corps. 

The radio fuze development and production 
programs were successful because of the high order 
of cooperation between military and civilian 
Governinent agencies and the American manufac- 
turers. The free exchange of information, even 
between normally competing manufacurers, con- 
tributed immeasurably to good fuze design and 
production. Principal manufacturers of bomb, 
rocket, and mortar fuzes were Emerson Radio & 
Phonograph Corporation, Friez Division of Bendix 
Corporation, General Electric Co., Globe-Union, 
Inc., Phileo Corporation, Western Electric Co., 
Westinghouse Electric & Mfg. Co., The Rudolph 
Wurlitzer Co., and Zenith Radio Corporation. 
Principal tube manufacturers were General Elec- 
tric Co., Raytheon Mfg. Co., and Sylvania 
Electric Products, Ine, 


WasuinorTon, February 7, 1946 
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Assembly, Testing, and Operation of Laboratory 


Distilling Columns of High Efficiency’ 
By Charles B. Willingham and Frederick D. Rossini 


A description is given of the assembly, testing, and operation of the laboratory distilling 
columns used at the National Bureau of Standards in the work of the American Petroleum 
Institute Research Project 6 on the analysis and purification of hydrocarbons and in the 
work on the preparation of NBS Standard Samples of hydrocarbons. The following topics 
are covered: Assembly of distilling columns, including pot, rectifying section, jacket, head, 
reflux regulator, receiving assembly, electrical heating system, thermometric systems, and 
controlled-pressure system; testing of distilling columns, including test mixtures and results; 
and operation of columns, for both regular and azeotropic distillations. Drawings of the 
equipment and apparatus are given, including the arrangement of the 15 distilling columns, 
measuring instruments, and auxiliary equipment in the distillation room. A view of the 


distillation room is given. 


I. Introduction 





This report describes the assembly, testing, and 
peration of the laboratory distilling columns used 


t the National Bureau of Standards in the work of Contents 


ie American Petroleum Institute Research Proj- 
t 6 on the analysis and purification of hydro- 
arbons and in the work on the preparation of 
‘BS Standard Samples of hydrocarbons. 

These distilling columns have charging capac- 
ies ranging from ¥ to 15 liters, with separating 
ficiencies in the range of 100 to 200 equivalent 
ieoretical plates at total reflux. The distilling 
erations are performed continuously 24 hours a 
y, 7 days a week, with reflux ratios from 125/1 
180/1 and rates of removal of product ranging 
om 2 to 12.5 ml of liquid an hour. The total 
me of distilling given charges ranges up to 1,800 
urs. 

Drawings of the equipment and apparatus are 
ven, including the arrangement of the 15 distilling 
lumns, measuring instruments, and auxiliary 
upment in the distillation room. 

nvestigation was performed at the National Bureau of Standards 


y as part of the work of the American Petroleum Institute Research 
vject 6_on the Analysis, Purification, and Properties of Hydrocarbons. 
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If. Assembly of Distilling Columns 


1. Complete Assembly of Individual 
Column 


Figure 1 shows a complete assembly of the main 
part of one of the distilling columns. All the glass 
parts of the column proper are sealed together, 
making one continuous closed system of glass from 
the pot to the receiver. Details of the assembly 
are given in the legend of figure 1 and in the fol- 
lowing text. 

Figure 2 gives the details of the mounting of the 
transite blocks (constituting the support for the 
glass pot) on the angle iron brackets (constituting 
the main support of the column). The position 
of the horizontal angle iron and supporting brack- 
ets on the wall of the room is shown. 


2. Details of Individual Column 
(a) Pot 
Figure 3 gives the details of the 7-liter glass pot. 
G 


7 
Rey ES | 


= 











Figure 2.—Transite blocks and metal bracket support for 
7-liter still pot. 

A, B=transite blocks supporting jacket assembly. 

C, D=transite blocks supporting glass still pot. 
Ewangle iron bracket supporting transite blocks. 
Feneck of glass still pot. 

G=angle iron running horizontally around room 
H-= brackets supporting angle iron G. (See fig. 12.) 


(See fig. 12.) 


The transite blocks for supporting this pot ar 
shown in figure 2 and the details of the pot assem. 
bly are given in figure 1. 
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ALL DIMENSIONS IN MM 
FIGURE 3 
Ficure 3.—Details of the 7-liter glass still pot. 
The material is Pyrex laboratory glass. 

Afilling tube, to be sealed to tube extending from pot. 
B=cap of filling tube. 
C=cap of withdrawal tube. 
D= withdrawal tube. 
E=tube for thermoelement. 
F= position of tube for thermoelement, in earlier design. 
G=recess in bottom of pot, to permit complete removal of undistilled » 

rial through the withdrawal tube. 
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Al4 
Al2 
E2 4 
F CONTROLLED 
oes F 1 4 bly of distill l 
IGURE 1,.--Assemoiy 0 wstiliing columr 
, SYSTEM om 
2 A =head and reflux regulator [!) (For details, see figs. 6 and 8) 
Al =metal regulator with metallic bellows [2) 
Aft=capped opening, with standard ground joint 12/30 
ES AS = tui n rod, No. 12 AWG 
A 
E4 ‘ sequent valve 
A6= 
il, AT=platinum resistance thermometer. 
TF e A8&=thermal insulation 
A§= transite collar for lateral support. 
Al0=drop counter 
All expansion spiral 


- A!t?=product line to soartoins assembly Ee? 





A1$=controlled pressure line 
~~ He A to prevent liquid from entering controlled pressure line 
E5 =i oo (see also fig. 7) 
BI = transite closure 
| B?=aluminum foil, 
B3 = magnesia insulation 
(- Ri =electrical resistance heating wire, Nichrome, asbestos covered. 
Ré5 = metal tube, steel or aluminum, split vertically, in two longitudinal sections, insulated with a silicone 
resin and asbestos paper 
R6 =air gap. 
rF B? =thermometer well, steel or aluminum, brazed to tube BS 
B8 = transite supports. 
B =rectifying section for Heli-Grid packing 
E6 Cl =open section for thermometer well. 
C? =seal-off tube for evacuated, silvered, jacket of rectifying tube 


C3 wall of rectifying tube proper, showing depth of thermometer well and height of packing 
Ch= king, Heligrid 
C5 = lateral support for rectifying tube proper (see also fig. 7) 
C6 =double helix expansion section at bottom of rectifying tube proper 
FR C7 =throat to direct liquid to center 
C8=drop counter 

C” =rectifying section for packing of helices 
C’l =open section for thermometer well, 

C’t=seal-off tube for evacuated, silvered, jacket of rectifying tube 
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Dit=air = 
D1$=cylinder (Pyrex glass or sheet metal) 
D1 4 asbestos insulation 
D1é=aluminum foil. 
- Dig=weil for removal of residue 
|) aed tror te 


ES C’$ = wall of rectifying tube reper, showing depth of thermometer well and he “ight of packing 
is Cir pene. stainless-steel helices %2 inch in diameter of No. 30 AWG wire 
C’5=indentations in jacket for centering rectifying tube 

1 C’6 expansion bellows for jacket of rectifying tube 

| - 7=throat to direct liquid to center. 

Co=su port for packing, conics! mq _ four legs 

D-=still pot assembly (see also are 
D1! =opening for introduction of nw’ ground joint 14/35 
j D#=main support for charging | = 
\ D3 =tube connecting pot to manometer E/7 
fr a yo bet FE support for glass stil] pot and rectifying tube (see also figs. 2 and 5 
V ' D5 =elect = | s to heaters for still pot 
| M Seatgmovehhs cover 
{ m = = } } ~ eo well “ 
s a 7 ’ t (4-mm wal! 
. ‘~e'S De=8 Yrex-giass po 
= = ma = =special Glascol heater. 
ow = wow ¥ D10= asbestos insulation 
= ih Dit =aluminum foil. 
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Magne 
electrical resistance heating wire, Nichrome, asbestos covered 
=metal tube, steel or aluminum, split vertically, in two longitudinal sections, insulated with a silicone 
resin and asbestos paper 
A6=air gap 
B7 = thermometer well, steel or aluminum, brazed to tube B5 
B8 = transite supports 
C=rectifying section for Heli-Grid packing 





Cl =open section for thermometer well 

C? =seal-off tube for evacuated, silvered, jacket of rectifying tube 

c wall of rectifying tube proper, showing depth of thermometer well and height of packing 
C4= packing, Heligrid 














( lateral support for rectifying tube oper (see also fig 

C6 =double helix expansion section at bottom of rectifying tube proper 

C7 =throat to direct liquid to center 

C8=drop counter 

C” =rectifying section for packing of helices 
( =open section for thermometer well 
C’?=seal-off tube for evacuated vered, jacket of rectifying tube 
wall of rectifying tube proper, showing depth of thermometer well and height of packing 
C’4=packing, stainless-steel helices 442 inch in diameter of No. 30 AWG wire 
( ndentations in jacket for centering rectifying tube 
=expansion bellows for jacket of rectifying tube 
C’7 = throat to direct liquid to center 
C’9=support for packing, conic pider with four legs 

D-=still pot assembly (see also figs. 3 and 4 


D1 =opening for introduction of urge, standard ground joint 14 
D#2=main support for charging tube 
D3 = tube connecting pot to mar 




















D4=main support for glass still tifying tube (see also figs. 2 and 
Dé =electrical leads to heaters [ t 
D6 =removable cover 
D7? = thermometer well 
D8 = Pyrex-glass pot (4-mm wal 
D8=special Glascol heater 
D10=asbestos insulation 
D1! =aluminum foil 
D12=air gap 
Di3=cylinder (Pyrex glass or s! 1etal 
D14=asbestos insulation 
D1é6=aluminum foil 
D1é=well for removal of residu¢ 
D17 = transite base 
Dia ym pressed-air line for cooling pot assembly 
D19= metal stand 
Fe =receiving assembly 
F transite board 
E2= product line from head A 
I yntrolled-pressure line to head A/3 
E4=copper line to controlled-pressure system 
} copper to glass standard taper joint 
E6=outlet to atmosphere, standard ground-glass joint 12/30 
E7 =condenser for cooling product line. bear 10° C 
E&=spiral condenser between re ver E14 and controlled-pressure systen near 10° ( 
E9=connection to manometers and £ from head A through spiral condenser £8 
} topeock between receiver 4, and controlled-pressure systet 
I t ~ock on product line 
Ei2 et from receiver E/4 to atmosphere 
F anometer (diethylene gly onobuty! ether 
-14=receiver, graduated, water-jacketed 
I nom: er (mercury, with tungsten contacts 
I stopcock at bottom of rece r Els 
E17 =connection to manometers [ i pot D 
E18=tungsten contacts 
E19=stopceock for adding inert gas to manometer tube ( E/7 to D 
E£20=overflow receiver 
E21 =stopeock at bottom of overfiow receiver 
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The 3-liter pot is made the same as the 7-liter 
not shown in figure 3, except that the vertical 
jimension of 430 mm along the body is changed 
o 185 mm. 

Figure 4 shows the details of the 18-liter glass 
pot. Figure 5 shows the details of the transite 
blocks for supporting the 18-liter glass pot. One 
»f the important requirements in the manufac- 
ure ? of these glass pots is that of thorough anneal- 
ing. The transite blocks are made to fit the tap- 
red neck of each individual pot. In the mounting 
f the pot in the transite block support, wet asbes- 
9s paper (%, inch thick) is placed around the 


1 Otto R. Greiner Co., Newark, N. J. 
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ALL DIMENSIONS IN MM 
FIGURE 4 


Figure 4.—Details of the 18-liter glass still pot. 


material is Pyrex laboratory glass. The letters have the same signi- 
ance as the corresponding letters in figure 3. 
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tapered neck of the glass pot to insure a smooth 
fit against the corresponding tapered part of the 
transite block. 


(b) Rectifying section 


The two different rectifying sections used are 
shown in figure 1. Both rectifying sections have 
directly sealed vacuum jackets, silvered and 
highly evacuated. 

The rectifying section shown in figure 1 in posi- 
tion in the main assembly contains Heli-Grid 
packing [3]* and has an expansion element con- 
sisting of a double helical coil located at the lower 
end of the rectifying section inside the vacuum 
jacket [4]. 

The rectifying section shown in figure 1 at the 
side of the main assembly contains a packing of 
stainless steel helics (%_ inch in diameter, made of 
No. 30 AWG wire) [5] and has an expansion 
element consisting of internal convolutions placed 
at the upper end of the jacket on the rectifying 
tube [6]. 

The upper end of each rectifying section is made 
to receive the thermometer well, which extends 
down inside the silvered vacuum jacket, as shown 


+ Figures in brackets indicate the literature references at the end of this 
paper. 
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Figure 5.—Details of the transite blocks for supporting the 
' 18-liter glass still pot. 


Block No. 2 fits directly over block No. 1, with the cuts at right angle, as 
shown in figure 4. 
AA=vertical cut through block. 
B=taper. made to fit closely the taper on the neck of the corresponding 
still pot. 
a= holes for 8-32 round-head machine screws. 
b=countersink, 
¢=%e-inch flat-head bolt. 
d=holes for -e-inch bolt. 
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in figure 6. The place of sealing the head to the 
rectifying section is shown at X in figure 6. 


(c) Jacket 


The jacket surrounding the vacuum jacketed 
rectifying section over its entire length is shown 
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Figure 6.— Assembly of head of distilling column. 


A@=metal housing and control, with metallic bellows, as described in 
figure 3 of reference [2] 
B= Pyrex-glass part of the apparatus 
C= platinum-resistance thermometer. 
D= boundary of the thermal insulation on the finished head. 
E=drop counter, with dimensions as shown in figure 2 of reference [2] 
F=top of jacket assembly. 
G=top of rectifying section, showing vacuum jacket. 
X, Y=places where the glass head is sealed to the rectifying section and to 
the drop counter, respectively. 
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in figures 1 and 6 and in cross section in figure ; 
The metal tube, steel or aluminum, carries tly 
insulated heating wire. 


(d) Head and reflux regulator 


The head and reflux regulator has been de 
scribed previously [1], and is shown in assembly 
form in figures 1 and 6. Figure 8 shows th 
details of the glass part of the head and refly 
regulator, with dimensions revised over thoy 
previously reported. 


(e) Receiving assembly 


The receiving assembly is shown in figure | 
Details are given in the legend of figure 1. T! 
tungsten contacts are conditioned as describe 
in part II of reference [7]. 


(f) System for electrical heating 


The system for electrical heating of the pe 
and jacket, and for controlling the pot heater, i 
shown in figure 9 in diagram. 
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Figure 7.—Cross section of the jacket assembly. 


A=rectifying tube. 

B=jacket of rectifying tube, silvered and evacuated. 

C=air gap. 

D=metal tube, steel or aluminum, split longitudinally in two sections 
E=electrical resistance heating wire, Nichrome. 

F=thermal insulation (85% magnesia). 

G=aluminum-foil covering. 

H =glass support for centering rectifying tube. 
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ALL DIMENSIONS IN MM 
cure 8.—Details of the glass part of the distilling-column 
head. 
=section showing opening in jacket of condenser 
portion connecting condenser with ground-glass valve. 
tungsten rod, No. 12 AWG 
nale ground joint, standard taper, 12/20. 
=portion having extra-heavy wall. 
F=apron to direct liquid from the condenser to the thermometer well. 
G=bottom edge for sealing to rectifying tube (should be smooth and have 
ts plane perpendicular to the axis of the thermometer well). 
4i=clearance to be not less than 15 mm. 
J=ground-glass valve, taper 1 in 5, small end 4 mm, large end 6 mm, 
length 10 mm, ground for high vacuum. Material is Pyrex 
laboratory glass. 
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Gi, G2, 


(zg) Thermometric systems 


The thermometric systems are shown in diagram 
in figure 9. 
























































Figure 9.—Diagram of the electrical heating and thermo- 


metric systems. 


Ai, Bi, Cl=electrical heaters (300 watts, 110 volts a-c) for the top, 


middle, and bottom sections, respectively, of the 
jacket of the rectifying section. 


D1, El! =\ower and upper electrical beating units of sleeve-type 


Glascol heating mantle. 


Af, Bt, C2, D?, E2=variable transformers, 5 amperes, 110 volts, a-c. 
AS, B3, C3, D8, E3=double-pole, single-throw switches. 


Ej=relay, enclosed mercury contacts with vacuum-tube 
circuit. 

E5=mercury manometer with tungsten contact points 
(E16, fig. 1). 

F1=platinum-resistance thermometer, 25 ohms, research 
grade. 

F?=thermometer selector, for 19 thermometers with 4 leads 
each. 

F3=resistance bridge, Mueller type. 

F4=galvanometer. 

G3 =single-junction copper-constantan thermoelements for 
the top, middle, and bottom sections, respectively, of 
the metal tube surrounding the rectifying section. 

G4=single-junction copper-constantan thermoelement for 
the still pot. 

G5=reference junction for thermoelements, in constant- 
temperature air bath (40° C). 

G6=space heater, 200 watts, 110 volts, a-c. 

G7 =variable transformer, 5 amperes, 110 volts, a-c. 

G8= mercury-in-glass thermoregulator. 

G9=relay, enclosed mercury contacts, with vacuum-tube 
circuit. 

G10=selector switches. 
G11 =potentiometer. 

H1!=double-pole, single-throw switch on constant-voltage 

supply line. 
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The temperatures in the pot and at the top, 
middle, and bottom of the metal jacket tube are 
measured with single-junction copper-constantan 
thermoelements on a large portable-type potenti- 
ometer mounted on the instrument table. Two 
thermostatically controlled air baths are used to 
maintain the reference junctions of these thermo- 
elements at a constant temperature near 40° C. 
Six 10-point rotary switches are used to receive the 
leads from 60 thermoelements, 4 each from 15 
columns. These temperatures are read with 
sensitivity of about 1 mm per 0.4 degree centigrade 
on the galvanometer, but are required to be known 
accurately only to about 1 or 2 degrees. 

The important temperatures of the liquid-vapor 
equilibrium in the head of each distilling column are 
measured with platinum resistance thermometers. 
The thermometers have near 25 ohms resistance at 
0° C, and are of the strain-free type with single 
filament helical coil.‘ The platinum coil has a 
length of 5 cm and the glass tube containing the 
platinum coil and gold leads has an outside di- 
ameter of 0.9 cm and a length of 45 em. The 
four leads from each thermometer are 50 feet in 
length and are run through a covered metal 
trough to the selector on the instrument table 
(see fig. 12). The selector * was made to receive 
as many as 76 leads, 4 from each of 19 different 
thermometers.’ The resistance of the thermom- 
eter picked out with the selector is measured on a 
Mueller-type bridge,’ of special design, with an 
internal commutator. On this bridge, the smallest 
units are 0.001 ohm, and the resistance of a given 
thermometer is measured to the nearest 0.001 ohm 
or 0.01 degree centigrade, with the sensitivity on 
the galvanometer scale being near 1 mm per 0.01 
degree centigrade. 

In normal operation, in analytical distillations 
of wide boiling (25° to 175° C) charges, it is found 
that the temperature of the liquid-vapor equi- 
librium in the head of the distillation column is 
“smooth” within + 0.01 degree centigrade. During 
distillations of highly purified hydrocarbons, it is 
usual for the temperature of the liquid vapor 
equilibrium in the head to be constant within 
+0.01 degree centigrade for several hundred 
hours. 


‘ Twenty of these platinum resistance thermometers were made for this 
installation by C. H. Meyers. 


* The selector and bridge were designed by E. F. Mueller and C. H. Meyers 
of this Bureau, and manufactured by the Rubicon Co., Philadelphia, Pa. 


* See footnote 5. 
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Figure 10.—Diagram of the controlled pressure system 
Al, At, A3=copper pipe, 1-inch diameter, with soldered fittings. 
Bi, Bt, B3=manifold of three-diaphragm valves 
Ci, Ct, C3=ballast tanks, cylindrical, 21 by 60 inches, with cover 
thermal insulation. 
Di, D2, D3=oil vacuum pumps. 
E=cylinder of inert gas (carbon dioxide or nitrogen) 
Fi, F2, F3=mercury manometers in constant-temperature (35° C) air batt 
G1, G2, G3=relays and vacuum tube circuits for control of vacuum pump 
H=connection to still. 
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Fiegure 11.—Details of the mercury manometer assem 
for the controlled pressure systems. 

A=manometer proper, Pyrex glass. 
B-=standard taper (12/30) joint, copper female to glass male [3]. 
C=copper tube to controlled pressure system. 
a=holes for mounting to main frame (not shown). 
6= bolts holding transite to channel bars. 
d=holes for leads to tungsten contacts. 
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(h) System for controlled pressures 

The system for controlling the pressures during 
the distilling operations is shown in diagram in 
igure 10. The details of the mercury manometers 
used in controlling the pressures constant at given 
values are shown in figure 11. The operation of the 
system for controlling pressures is essentially 
identical with that previously described in another 
report from this laboratory [7]. All of the con- 
nections and joints in the system, including one 
metal to glass tapered joint [8] at each controlling 
manometer (B, fig. 11) and at the receiving 
assembly on each distilling column (£5, fig. 1), 
are soldered. 

From hourly observations of temperature made 
over long periods of time during many distillations 
of highly purified hydrocarbons at a controlled 
pressure of 724.5 mm Hg, it is found that the 
immediate variations in pressure at the head of 
the column during the operation of the vacuum 


pump, as well as the long-time changes in the 
controlled pressure, normally do not exceed about 
+0.2 mm Hg. 

The three controlled pressures normally main- 
tained in the laboratory are 725, 217, and 57 mm 


Hg. 


3. Arrangement of Columns and Aux- 
iliary Equipment in the Distillation 
Room 


Figure 12 gives a plan view of the first and second 
floor levels of the distillation room, together with 
a view of one wall, showing the location of the 
various services. The positions of the 15 dis- 
tilling columns and of the auxiliary equipment 
are indicated. Figure 13 shows a view in the 
distillation room, including the instruments for 
the thermometric systems and the lower part of 
columns 5 to 10, inclusive. 


Ill. Testing of Distilling Columns 


1. Procedure 


In this work, the testing of the distilling columns 
was performed under conditions similar to those 
encountered in actual operation. (See section IV.) 

After equilibrium was established, with the 
column operating at total reflux, at the prevailing 
atmospheric pressure, small samples (about 2-ml 
in volume) were removed from the pot and head. 
The compositions of these samples were deter- 
mined from measurements of refractive index. 
Twenty-four or more hours was allowed for the 
establishment of equilibrium in these tests. 

The pressure drop through the column, from 
pot to head, was measured on the oil and mercury 
manometers in the receiving assembly (£13 and 
E15, fig. 1). 

The “through-put” was measured at the head of 
the column by collecting all the condensate 
formed in the condenser in a given time, usually 
60 seconds or less. In these experiments, the head 
wed was that described in reference [2]. 


2. Test Mixtures 


For convenience in this and other investigations 
involving the use of mixtures of (a) n-heptane and 
nethyleyclohexane and (b) 2,2,4-trimethylpentane 
ind methyleyclohexane as test mixtures, values of 
refractive index as a function of composition were 


Laboratory Distilling Columns 


determined experimentally for these two mixtures. 
Known mixtures of the pure components were 
made up accurately by weight. The refractive 
index, Np, at 25° C, of these known mixtures was 
measured, by reference to the refractive index of 
the pure components, to the nearest 0.0001 on an 
Abbe-type refractometer graduated directly to 
0.0001. For the system n-heptane and methyl- 
cyclohexane, 26 mixtures were made up and 
measured. For the system 2,2,4-trimethylpentane 
and methylcyclohexane, 26 mixtures were also 
made up and measured. The results, expressed 
as the difference between the refractive index of 
the mixture and of n-heptane or of 2,2,4-trimethyl- 
pentane, are as follows: 

For n-heptane and methylcyclohexane, at 25°C, 


np(mixture) —np(n-heptane) = 
0.0306N+0.0048N ?, (1) 
where 7p is the refractive index and N is the mole 
fraction of methyleyclohexane in the mixture. 
(See reference [20].) 
For 2,2,4-trimethylpentane and methylcyclo- 
hexane, at 25° C, 
Np(mixture) —np(2,2,4-trimethylpentane) = 
0.0244N+0.0072N?, (2) 
where 7p is the refractive index and N is the mole 
fraction of methylcyclohexane in the mixture. 
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SECOND FLOOR PLAN 
Figure 12.—Arrangement 
Plan views at the first- and second-floor levels, and a vertical view of one 


wall, areshown. The second-floor 
the four walls, a 28-inch metal walk 
and a center part cov 


level has a 24-inch opening running around 
with metal stairway to the first-floor level, 
ered with transite (on |-beams) for supporting the reser 
voir tanks of the controlled pressure systems 
The numbers adjoining the open double circle shown at three of the walls 
in the first-floor plan indicate the location of distilling columns | to 15. In 
each case, the larger circle shows the outside diameter of the pot assembly, 
and the inner circle shows the outside diameter of the jacket assembly. In 
the first-floor plan, the letters indicate the following 
A=table for mounting instruments 
B-=resistance bridg: 
C=galvanometer 
D-=thermometer selector, for platinum-resistance thermometers. 
E= potentiometer 
F=mutltiple switches for thermoelements. 
G=pumps, manometers, relays, etc., for the controlled-pressure systems 
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of the distilling columns, auxiliary apparatus, and services in the distillation room. 


H=cylinder of carbon dioxide or nitrogen gas, for the controlled-; 
system 
In the second-floor plan, the letters J show the location” of the thr 
reservoirs for the controlled-pressusre system. The distilling*colum: 
not been shown in the second-floor plan, for sim; licity.G 
In the vertical section, “B-B”, the solid ciecles show the location of 
various services for one distilling column, as follows 
J=electric power outlet, 
K, M-=water outlet, 
L, N=drain, for discharged water. 


110 volts, a-c 


house line 


O=connection to manifold of three valves, on 
sure system 
P=refrigerated water, near 10°C. 
Q=compressed air. 
R=vacuum, house line. 
S=battery of electric power outlets, 110 volts, a-c 
Each of the 15 distilling columns is provided with a similar setof Se 


to each controll 
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The foregoing equations reproduce each of the 
experimentally observed values of refractive index 
within +0.0001. 

The purified hydrocarbons used in this work 
for making up the foregoing known mixtures for 
measurements ot refractive index, and also for 
making up the mixtures for testing the distilling 
columns, were from lots of purified n-heptane, 
2.2,4-trimethylpentane, and methylcyclohexane 
having a purity substantially identical with the 
same compounds described in another report 
fom this laboratory [9], namely, n-heptane, 
0.9993, 2,2,4-trimethylpentane, 0.9988, and meth- 
yleyclohexane, 0.9990 mole fraction. 

The number of equivalent theoretical plates, n, 
in the actual rectifying section was calculated from 
the equation [10, 11] 


n+1=[lflog (P,4°/Ps°)] log 
[(Ni /Ns)nesal(Na/N3)potl, (3) 


where P° is the vapor pressure of the given com- 
ponent in the pure state at the mean temperature, 
N is the mole fraction of the given component in 
the liquid phase in the head or pot as indicated, A 
is the more volatile component, and B is the less 
volatile component. 

Assuming that the two components in the binary 
mixtures are substantially ideal as regards the 
relation of vapor pressures to composition. (See 
references [18, 19]), the data on the vapor pres- 
sures of the pure components recently reported 
from this laboratory [7] were reduced to give values 
of P4°/Pz° in the neighborhood of the normal 
boiling points of the components. From these 
lata, P,°/Ps,° for n-heptane and methylcyclo- 
hexane has the values of 1.0738) at the normal 
boiling point of n-heptane (98.426° C) and 1.0758, 
at the normal boiling point of methylcyclohexane 
100.934° C). For the 2,2,4-trimethylpentane 
and methylcyclohexane, these data yield values of 
P,°/Ps° equal to 1.0492, at the normal boiling 
point of 2,2,4-trimethylpentane (99.238° C) and 
1.0489) at the normal boiling point of methyl- 
cyclohexane (100.934° C). 

With these values, and corresponding ones for 
neighboring temperatures, eq 3 giving the number 
of equivalent theoretical plates may be written as 
follows for the two mixtures: 

For n-heptane and methyleyclohexane, in the 
mnge 96%° to 101° C, 

n-+1=[32.15—0.34(t—99)] log 
[(Na/No)nesa/(Na/Ne) por]. (4) 
laboratory Distilling Columns 
693841—46——4 


For 2,2,4-trimethylpentane and methylcyclo- 
hexane, in the range 97° to 101%° C, 


n+ 1=[48.07+0.13(t—100)] log 
[((Na/No)nesa/(Na/No)potl- (5) 


In eg 4 and 5, t is the mean temperature in degrees 
centigrade. The numerical coefficients are esti- 
mated to have uncertainties not greater than 
about + percent for the ranges given. 

In connection with the full-scale testing of 
columns having 200 or more theoretical plates, 
the authors consider the following binary mix- 
tures as being suitable for trial: 

(a) 2,3,4-Trimethylpentane and 2,3,3-trimethyl- 
pentane, with normal boiling points of 113.467° 
and 114.760° C, a difference of 1.293° C [7]; 

(b) 2,5-Dimethylhexane and 2,4-dimethylhex- 
ane, with normal boiling points of 109.103° and 
109.429° C, a difference of 0.326° C [7]. From the 


data on vapor pressures recently reported on 
these compounds [7], and making the assumption 
of ideality as previously done above, the values 
of the constants of eq 3 applicable to these fore- 
going two test mixtures become as follows: 
For 2,3,4-trimethylpentane and 2,3,3-trimethyl- 
pentane, over the range 111%° to 115° C, 


n+1=[64.95—0.36(t—114)] lo 
[(Na/Nop)nesa/(Na/Na)por]- (6) 


For 2,5-dimethylhexane and 2,4-dimethylhex- 
ane, over the range 107° to 110° C, 


n+1=[250.5—1.7(t—109)] log 
((Na/Nop)nesa!(Na/Nz)pol- (7) 


As before, ¢ is the mean temperature in degrees 
centigrade. The numerical constants have un- 
certainties estimated to be less than about +% 
percent for the trimethylpentanes and about 
+3 percent for the dimethylhexanes. 

Small samples (2 to 5 ml) of each of the fore- 
going binary mixtures may be readily analyzed 
with sufficient accuracy by means of infrared 
spectrometers. For the calibration of spectrom- 
eters for such analyses, small samples of these 
compounds of known high purity are available as 
NBS Standard Samples of hydrocarbons.’ 

Unfortunately, 2,5-dimethylhexane and 2,4- 
dimethylhexane are not at the present time 
available in sufficient quantity of adequate purity 

1 A complete list of the hydrocarbons available as NBS Standard Samples 


may be obtained by writing to the National Bureau of Standards, Washing- 
ton 25, D. C. 
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for use in testing distilling columns, nor are pure 
mixtures of the two compounds available. 

With regard to 2,3,4-trimethylpentane and 
2,3,3-trimethylpentane, the situation is more 
favorable. Although neither compound is avail- 
able separately in sufficient quantity of high purity, 
pure binary mixtures of the two compounds may 
be readily obtained by efficient distillation of a 
commercial mixture (alkylate) of branched-chain 
paraffins. (See figs. 17 and 18.) In such case 
(referring to figs. 17 and 18), the fractions to be 
used in making up the test mixtures would consist 
of the fractions of distillate containing about 85 
percent 2,3,4-trimethylpentane and 15 percent 
2,3,3-trimethylpentane and running through to 
those fractions of distillate containing about 10 
percent 2,3,4-trimethylpentane and 90 percent 
2,3,3-trimethylpentane. In the example just 
cited, about 700 ml of material free of components 
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Fioure 14.—Results of performance tests on rectifying 
section of 10-mm diameter packed with stainless-steel 
helices. 

The upper scale of ordinates gives the pressure drop, in mm Hg, per meter 
length of packing; the lower scale of ordinates gives the number of equivalent 
theoretical plates per meter length of packing; and the scale of abscissas gives 
the “‘through-put” in milliliters (liquid) per hour. The rectifying section of 
the distilling column in which tests were made was 10 mm in inside diameter 
and 2.79 m in length, and was packed with stainless-steel helices, 343 inch in 
diameter, of No. 30 AWG wire [5]. The test mixture was methylcyclohexane 
plus 2,2,4-trimethylpentane. For the pressure drop, curves I and II give 
results for controlled pressures of 770 mm and 217 mm Hg, respectively, at 
the head of the column. The mean value of the number of equivalent the- 
oretical plates is 46.9, with an average deviation of 43.7. Determination of 
the number of equivalent theoretical plates was made at the prevailing 
atmospheric pressure 


24 


other than the two desired trimethylpentang 
would have been obtained in a state suitable for 
blending for use as a test mixture. 


3. Results 


In figures 14, 15, and 16 are plotted the results 
of tests of rectifying sections 10, 15, and 25 mm 
in diameter and near 2.8 m in length, packed with 
stainless steel helices [5] (%2 inch in diameter, made 
of No. 30 AWG wire). Results are given for the 
number of equivalent theoretical plates and the 
pressure drop per meter length of rectifying see. 
tion, as a function of the through-put. The dats 
are substantially in accord with observations op 
the same packing reported by Fenske and his col. 
laborators [12, 13, 14]. 

Tests made on a rectifying section 13 mm in 
diameter and 1.83 m in length containing Heli- 
Grid packing [3] yielded the following results at 
atmospheric pressure: Number of equivalent 
theoretical plates at total reflux, 94, with a pres- 
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Figure 15.—Resulis of performance tests on rectifying 
section of 15-mm diameter packed with stainless-ste: 
helices. 


The upper scale of ordinates gives the pressure ‘irop, in mm Hg, per mete 
length of packing; the lower scale of ordinates gives the number of equi valez' 
theoretical plates per meter length of packing; and the scale of abscissw 
gives the “through-put” in milliliters (liquid) per hour. The rectifying section 
of the distilling column H in which these tests were made was 15 mm in ipsid 
diameter and 2.71 m in length, and was packed with stainless-steel helices 
%a inch in diameter, No. 3 AWG wire [5]. The test mixture was methy? 
cyclohexane plus 2,2,4trimethylpentane. The measurements of pressur 
drop were performed at a controlled pressure of 770 mm at the head of th 
column. The mean value of the number of equivalent theoretical plates # 
36.4, with an average deviation of +2.1. Determination of the number 
equivalent theoretical plates was made at the prevailing atmosphert 
pressure. 
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cure 16.— Results of performance tests on rectifying section 
of 25-mm diameter packed with stainless-steel helices. 


be upper scale of ordinates gives the pressure drop, in mm Hg, per meter 
th of packing; the lower scale of ordinates gives the number of equivalent 
retical plates per meter; and the scale of abscissas gives the “through-put”’ 
ers (liquid) per hour. The rectifying sections of the five different 
columns in which these tests were made were as follows: Column E, 
rked X; column F, points marked §§; and column G, points 
inside diameter of 25 mm and length of 2.75 m; column M, points 

ked @; and column N, points marked A, inside diameter of 25 mm and 
th of 2.73 m. The test mixtures were methylcyclohexane plus 2,2,4 
sethylpentane for columns E, F, M, and N, and methyleyclohexane plus 
1 for column G. For pressure drop, curves I, II, and III give results 
ntrolled pressures of 770, 217, and 57 mm Hg, respectively, at the head 
jumn. The mean value of the number of equivalent theoretical plates 

2, with an average deviation of 41.6. Determination of the number of 
bivalent theoretical plates was made at the prevailing atmospheric pressure. 





juRE 17. Results of an analytical distillation of a com- 
mercial mixture of branched-chain paraffin hydrocarbons 
in a distilling column of 16-mm diameter, packed with 
Heli-Grid packing. 

ne scale of ordinates gives, as indicated, the temperature of the liquid- 
bor equilibrium at the head of the column under a controlled pressure of 
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VOLUME 
Pbmm Hg. The other scale of ordinates gives the refractive index, Na, 
28° C, of the fractions (18 ml) of distillate collected. The scale of abscissas 
es the volume of the distillate in milliliters. The data were analyzed [15] 
give the components indicated in the upper part of the chart. This distilla- 
was performed in column 4, which has a rectifying section 16 mm in di- 
peter with 3.66 m of Heli-Grid packing [3], under the following conditions, 


aboratory Distilling Columns 


IN 


3000 3500 4000 4500 5000 5500 
we 

with preflooding of the column at the start of the distillation: Time allowed 
for attainment of equilibrium at start, 24 hours; rate of removal of distillate, 
4.5 mi/hour; pressure drop, 18.6 mm Hg; calculated reflux ratio 150/1; con- 
trolled pressure, 725 mm Hg; total elapsed time, 1,087 hours. The numbers in 
the lower part of the chart refer to Jots in which the fractions of distillate were 
blended for spectrographic analysis. (See text and fig. 17.) 
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sure drop of 10 mm Hg and a calculated through- 
put of 340 ml an hour. This gives 51 equivalent 
theoretical plates, and a pressure drop of 5.5 
mm Hg, per meter length of packing at this 
through-put. Although the values of the number 
of equivalent theoretical plates per meter length 
of this packing is appreciably less than that 
reported by Podbielniak [3], it is still very favor- 
ably large. Another advantageous characteristic 
of the Heli-Grid packing is its low hold-up per 
equivalent theoretical plate. 

In figure 17 are plotted the results of an analyti- 
cal distillation of a commercial petroleum product 
consisting essentially of a mixture of branched- 
chain paraffin hydrocarbons C, to C,. Complete 


details of this test are given in the legend ; 


figure 17. 


The fractions of distillate from the 


aboy 


mentioned distillation were subsequently blend 


into larger lots, as indicated by the horizon 
row of numbers through the lower middle , 
figure 17. These lots of material were analy, 
for the actual amounts of the individual com; 
nents by means of infrared spectrographic analy 
in the Research Laboratory of the Socon 
Vacuum Oil Co., Paulsboro, N. J. Figure 18 
a plot of the results giving the composition of ti 
distillate in terms of individual components 
interpreted from the infrared spectrographic : 
alyses. Details are given in the legend of figure! 
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LOTS INTO WHICH THE FRACTIONS OF DISTILLATE WERE COMBINED FOR SPECTROGRAPHIC ANALYSIS 


Ficure 18.—Results of an analytical distillation of a commercial mizture of branched-chain paraffin hydrocarbons is 
distilling column 16 mm in diameter packed with Heli-Grid packing. 


The scale of ordinates gives, in terms of individual components, the com- 
position of the distillate as a function of its volume, which is plotted along the 
scale of abscissas The continuous smooth curve for the percentage of each 
component in the distillate as a function of volume was synthesized from 


actual analyses of the lots indicated at the bottom of the chart. The 
points of the individual components at the controlled distilJation pressun 
725 mm are indicated at the top of the chart. This is the same distilix 
plotted in figure 17 


IV. Operation of Distilling Columns 


1. Procedure for Regular Distillation 


The normal procedure for performing a regular 
distillation at one of the controlled pressures is as 
follows: 

The material to be charged is appropriately 
cooled, if volatile, and then introduced into the 
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still pot through the charging tube *, D1, with 
funnel having a long stem to permit undisturl 
exit of the air displaced from the pot. The refi 


regulator, A/, at the head of the column is closed 


* The letters and numbers following in the text in this section ref 
figure 1, unless otherwise stated. 
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e rates of flow of water through the condenser, 
_at the head and those at the receiving assem- 
- E7 and E8, are adjusted; and the valve to the 
yper controlled pressure is opened. 

The electric current is switched on to the pot 
aters and, if necessary (see below), to the jacket 
the column. For material boiling below about 
°C at the given pressure, no heating is applied 
the jacket. For material boiling between 50° 
dabout 150° C at the given pressure, the electric 
wer is applied simultaneously to pot and jacket 
aters. For material normally boiling above 
uit 150° C, electric power is applied to the 
ket heaters about 1 hour in advance of the pot 
ters. This procedure reduces the difference 
temperature between the inside and outside of 
» rectifying section at the time boiling starts 
d throws less strain on the expansion elements 
the vacuum-jacketed rectifying section. The 


riable transformers controlling the power to 
h section of the jacket are initially set to pro- 

ce & maximum temperature about 10° C below 
initial boiling point of the material. 

‘ollowing the usual practice with packings of 

» kind used in these columns, the rectifying sec- 

n is flooded at the start [3, 11] by adding suffi- 


nt extra heat to the pot to force liquid into the 
ad of the column. As soon as flooding occurs, 
» electric power to the pot is reduced and com- 
ssed air, D18, is introduced into the pot assem- 
to accelerate cooling. 
Vhen the pressure drop through the column 
reases to a value below the normal operating 
pssure drop (previously selected on the basis 
the desired through-put), the electric power to 
> pot heaters is adjusted to normal, and the 
tric relay control system is connected. This 
ny controls the upper or intermittent one of the 
p pot heaters. The lower pot heater is on 
htinuously, but is set at a power input that is not 
te enough to maintain the required through- 
The upper pot heater, controlled by the 
ny circuit, £4, figure 9, through the mercury 
nometer, £15, supplies power intermittently to 
intain the pressure drop through the column at 
constant preselected value. As the temper- 
re of the material being distilled increases, 
litional power is required to be added to 
lower pot heater which is on continuously. 
he temperature of the metal tube, Bé, in 
jacket assembly is manually controlled by 
ans of variable transformers, A2, B2, and 
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C2 in figure 9, so that the temperatures at the 
bottom, top, and middle thermometer wells, B7, 
are maintained as follows: The bottom, G3 in 
figure 9, at the same temperature as the material 
in the pot (preferably the temperature of the liquid 
returning to the pot) G4, fig. 9,; the top, G1, in 
figure 9, at the same temperature as the liquid- 
vapor equilibrium in the head, F/ in figure 9; and 
the middle, G2 in figure 9, at the mean of the top 
and bottom temperatures. As the metal tube is 
separated from the material inside the rectifying 
section by an air gap, C in figure 7, and a silvered, 
evacuated, jacket, B in figure 7, its temperature 
need be controlled only within 1 or 2 degrees of the 
desired value. 

After the through-put, as measured by the 
pressure drop, reaches its normal operating 
value, the column is operated at total reflux for 
a period of from 24 to 36 hours to permit attain- 
ment of equilibrium in the rectifying section. 

Following the period of establishment of equili- 
brium, an initial setting of the metal regulator, 
Al, and glass valve, Ad, at the reflux regulator is 
made on the basis of the time of fall of 1 drop at 
the drop counter, AJ0. (For this purpose, 1 drop 
of hydrocarbon material of the gasoline range is 
assumed to be equal to 0.04 ml). Adjustment of 
this rate to the prescribed value is subsequently 
made on the basis of the actual hourly increment 
of volume of liquid in the receiver, £14. 

At the prescribed intervals of time, the product 
in the receiver is removed as a “fraction.” In 
this operation, the receiver is isolated from the 
column by closing the stopcocks H10 and £11, 
and then opened to the atmosphere by opening 
stopcock £12. The material is carefully with- 
drawn from the bottom of the receiver through 
stopcock £16, with appropriate drainage from the 
tip of the receiver into the receiving bottle. After 
the material has been carefully capped, the stop- 
cocks E16 and £12 are closed, and stopcocks 
E10 and E11 are opened to the column, slowly in 
order to permit the air in the receiver to be 
reduced to the operating pressure without dis- 
turbing the operation of the column. 

Up to the time that the still reaches its normal 
operating through-put after flooding, the opera- 
tions have been conducted by the supervisor or 
assistant supervisor of the distillation laboratory. 


* For very low pressures, & separate evacuating system may be used to 
bring the receiver to the operating pressure before it is reopened to the 
column 
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From this point on, the operation of the distilling 
column is turned over to the distillation operator, 
who may have as many as 15 of the distilling col- 
umns to care for. The laboratory has one dis- 
tillation operator on duty each shift of 8 hours, 
with the distilling columns being operated 24 
hours a day, 7 days a week. 

The assignment sheets for each new distillation 
prescribe the pressure at which the distillation is 
to be performed, the normal operating pressure 
drop, the rate of collection of product, the size of 
the “‘fractions” to be collected, and the time inter- 
val between collection of fractions. 

The distillation operator checks each of the dis- 
tilling columns once every hour, making the fol- 
lowing observations and entering them on printed 
record sheets: 

(a) The resistance of the platinum thermometer 
giving the temperature of the liquid-vapor equi- 
librium in the head is measured. This resistance 
is recorded accurately to the nearest 0.001 ohm 
(equivalent to 0.01 degree centigrade). 

(b) The foregoing resistance is converted rough- 
ly to degrees centigrade from a table giving average 
values of resistance with respect to temperature 
for the 15 platinum thermometers in the system. 
This conversion ® is made roughly, for purposes of 
operation, with a precision of 0.1 degree centigrade 
and an accuracy of about one-half degree. 

(c) The volume of the liquid in the receiver is 
recorded, to 0.1 ml or 0.01 ml, depending upon the 
size of the receiver. 

(d) The hourly increment of volume in the 
receiver, obtained by subtraction of the preceding 
volume in the receiver, is recorded, for the purpose 
of checking adherence to the prescribed rate of 
collection of product. 

(e) The pressure drop through the column, as 
measured on the oil manometer, E13, is recorded 
to 0.1 cm. 

(f) The emf of the three thermoelements giving 
the temperatures of the top, middle, and bottom 
of the metal tube in the jacket assembly, and of 
the one thermoelement giving the temperature of 
the pot, are measured. 

(g) These emf are converted to temperature in 
degrees centigrade, recording to the nearest 1.0 


degree. 


© After the distillation is completed, the record of the temperature of the 
liquid-vapor equilibrium is given to the appropriate research investigator, 
who makes the conversion of the temperature of the liquid-vapor equilibrium 
accurately to 0.01 degree from the individual table for the given platinum 
thermometer used. 
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(h) Appropriate adjustments to the settings 
the variable transformers controlling the power; 
the lower pot heater and to the three sections 
the jacket are made. 

(i) The scale readings (voltage) on the { 
variable transformers controlling the two 
heaters and the three jacket heaters are records 

As the end of the distillation approaches, , 
accurate comparison is made of the volume 
material collected and the volume charged, to pg 
mit a reliable estimate of the day on which | 
distilling column will be shut down. Normal 
the distillation is halted when the rapid fall of } 
pressure drop from its normal operating val 
indicates depletion of the liquid in the pot. 
this point, the valve to the controlled press 
system is closed, all electric power is cut off, » 
the pot and jacket are allowed to cool to re 
temperature. The cooling of the pot is accel 
ated by a flow of air into the pot assembly, D) 
After the pot has cooled, the residue is wi 
drawn from the pot through the withdrawal ti 
(see D, fig. 3) inserted down through the charg 
tube, D1, in close proximity to the recess in | 
bottom of the pot. (See @, fig. 3.) 

After the residue has been removed, aceton 
charged to the pot and distilled at total reflux 
clean out the column. After the acetone is: 
moved, air is drawn through the pot and re 
fying section to “dry out” the column. Bef 
the next distillation the stopcocks on the receiv 
assembly are cleaned and relubricated, norm: 
with tetraethylene glycol citrate [16]. 


2. Procedure for Azeotropic Distillati 


The procedure followed in the operation of 
distilling columns for azeotropic distillation is | 
same as for the regular distillation described int 
preceding section except that, normally, an ex 
of the added azeotrope-forming substance is add 
to the hydrocarbon charge in the pot and ‘ 
distillation is carried through to the point where 
hydrocarbon remains in the columns, as eviden 
by the rise of the temperature of the liquid-va 
equilibrium in the head to that corresponding 
the pure azeotrope-forming substance. The of 
ator is normally instructed to halt the distilla! 
when there have been collected two fractions ¥ 
boiling points equal to that of the azeotr 
forming substance at the given pressure. 
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V. Conclusion 


As of December 31, 1945, the 15 distilling col- 
umns assembled in the distillation room described 
in section II—3 and figures 12 and 13 of this report 
had the characteristics shown in table 1. It is 
planned to make improvements in the apparatus 


and equipment as new information from this and 
other laboratories becomes available. The earlier 
distilling apparatus in this laboratory is described 
in reference [17]. 


TaBLe k—Characteristics of the 15 distilling columns installed as of December 31, 1945 








Rectifying section Pot 


! 
| Estimated 


Minimum Gatien ; 
Rate of number of 





Number of distil- 
ling column ® 
Packing > 


Diameter Length 


Maximum 
charging 


operating | Operating Geis reflux theoretical 
t 


residue pressure rough- | collection ratio 
(approxi- drop put of product | (approxi- - 
mate) mate) aa 





m 
11 | 2.74 HG 3.2 
13 | 1. 83 HG 7.2 
13 | 1.83 HG 7.2 
16 | 3. 66 HG 7.2 
25 | 3. 66 SSH 18.0 
25 | 3. 66 SSH 18.0 
20 | 3. 66 SSH 7.2 
20 | 3. 66 SSH 7.2 
15 | 3. 66 8SH 7.2 
15 3. 66 SSH 7.2 


16 3. 66 HG 7.2 
15 3. 66 SSH 3.2 
20 3. 66 88H 7.2 
25 3. 66 88H 7.2 
25 | 3. 66 8SH 7.2 


! 
| 
| 
| 
| 











ml | mmHg mijhour mijhour 
12.1 300 2.0 150/1 
8.5 300 . 135/1 
8.5 300 2 135/1 
720 b 180/1 
, 560 2. 125/1 


, 560 > 125/1 
, 240 . 145/1 
, 240 . 145/1 
740 ‘ 165/1 
740 ’ 165/1 
720 180/1 
740 > 165/1 

1, 240 h 145/1 
175 : 1, 560 b 125/1 
175 21. 1, 560 | 5 125/1 125 























Nl * “A” attached to the number of the distilling column indicates that the 
original rectifying section was changed. The rectifying section in the original 
column 11 was one of the same length 10 mm in diameter packed with the 
stainless steel helices described in footnote ‘‘b’’. 

Acknowledgment is made to P. V. Keyser, Jr., 
C. H. Schlesman, and F. P. Hochgesang, of the 
Research Laboratories of the Socony-Vacuum Oil 


Co., Paulsboro, N. J., for permission to use the 


» SSH represents stainless-steel helices, 342 inch in diameter, made of No. 
30 AWG wire [5]; HG represents Heli-Grid packing [3]. 

¢ Columns 3 and 15 are planned to be changed so that their rectifying 
sections will be similar to that of column 4, 


results of their infrared spectrographic analysis 
of the fractions of the distillate shown in figures 
17 and 18. 
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Nickel Plating on Steel by Chemical Reduction 


By Abner Brenner and Grace E. Riddell 


A process has been developed for the production of adherent nickel deposits of good 


quality on steel without the use of an electric current. 


The deposition of nickel is brought 


about by chemical reduction of a nickel salt with hypophosphites in a hot ammoniacal 


solution. 


The reaction is catalytic and, under the prescribed conditions of concentration 


and pH, no reduction occurs in the solution unless certain metals, such as steel or nickel, 
are introduced into the bath. The reduction then occurs only at the surface of the immersed 
metal with the production of a coating of nickel of 96 to 97 percent purity. 


I. Introduction 


In the course of an investigation on a nickel 
plating bath an unusual chemical reaction was 
accidentally encountered, by means of which 
ickel deposits of good quality can be produced 
m a steel or nickel surface without the use of an 
lectrie current. The reaction involves reduction 
y hypophosphites in a heated nickel solution. 
Jn the nickel bath being investigated, trouble 
vas had with the oxidation of some constituents 
if the bath at an insoluble anode, and to obviate 
this difficulty typical reducing agents were added. 
In one of the experiments the surprising result of 
an apparent cathode current efficiency of 130 
percent was obtained, although during the plating 
there was considerable gassing at the cathode, 
which usually indicates a low current efficiency. 


Plating by Chemical Reduction 
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Furthermore, the object being plated, which was 


a tube with an inside anode, was found to have 


been completely plated on the outside, although 
no external anodes had been used. Although this 
process will not replace electrodeposition of nickel, 
it may prove useful for special applications. 





Contents 


I, Introduction . 
II. Literature . a 7.4 
a ee 
IV. Bath composition and operating condition . 
V. Other methods of chemical reduction . 





II. Literature 


The foregoing experience with the hypophos- 
phite reduction occurred before it was noted that 
this reaction had been previously reported. An 
investigation of the literature disclosed that the 
reduction of nickel solutions with hypophosphite 
to produce metallic nickel had been observed by 
Wurtz.' The reaction was studied in detail by 
Bretau,? Paal and Friederici,* Scholder and 
Heckel,‘ and Scholder and Haken.’ These 
workers used high concentrations of hypophos- 
phite, usually several hundred grams per liter, to 
effect the reduction. The solution containing the 
nickel salt was heated on a steam bath for several 
hours, if necessary, until the reaction began. The 
reaction was usually quite vigorous, much hydro- 
gen was evolved, and the mass bubbled up to 10 
or 20 times its original volume. The nickel was 
obtained mainly as a dark powder, but occasionally 
it deposited on the walls of the flask as a mirror, 
which gradually became detached and broke up 
into thin flakes. 

The reaction by which nickel is produced is 

NiCl, + NaH,PO,+H,0— 
Ni+2HCl+ NaH,PO, (1) 


Ni+++H,PO;+H,0—>Ni°+2H++H,PO3. 


Concurrently, some of the hypophosphite is oxidized 
by the water, particularly in the presence of certain 
metals, to phosphite, and hydrogen is liberated: 


NaH,PO,+ H,O—N aH,PO,+ Hp. (2) 


Ill. General 


In an extension of the work of the previous 
investigators, it was found that the reduction of 
nickel compounds to nickel could be so controlled 
as to cause the catalytic reduction to occur, with 
the virtual exclusion of the purely chemical reduc- 
tion. Thus an adherent compact nickel coating 
could be deposited on certain metal surfaces 
immersed in the bath without any appreciable 
precipitation of nickel occurring throughout the 
bulk of the solution or on the walls of the glass 
vessel. This preferential deposition was made 
possible by employing dilute solutions of hypo- 

t Compt. rend, 21, 149 (1845), 

* Bul. soc. chim. [4] 8, 518 (1911). 

* Ber. deut. chem. Geo, 64, 1766 (1931). 


¢Z. anorg. allgem. Chem, 198, 329 (1931). 
® Ber. deut. chem. Ges. 64, 2870 (1931). 
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These equations show that the reaction mixtuy 
becomes more acid, as either an acid salt or fre 
acid is produced. The reduction of nickel ig 
(eq. 1) is catalyzed by certain metals, includin, 
nickel, and as nickel is produced by the reaction, 
it is therefore autocatalytic. This explains why 
the reaction, which is rather slow in starting, pro. 
ceeds with so much vigor after it once begins. 

Some of the above investigators obtained cobal 
by a hypophosphite reduction similar to that use; 
for nickel. Only alkaline solutions could be used 
and the reduction was slower than that . 
nickel. 

The product which these workers (see footnote 
3 and 4) obtained from an initially neutral nick¢d 
solution was not pure nickel but a mixture ¢ 
phosphides, probably as Ni,P and Ni,P, (see foot- 
note 3), with perhaps some uncombined nicked 
The precipitate usually contained 85 percent ¢ 
nickel and about 12 percent of phosphorus, with 
small amounts of moisture and oxygen. Th 
product obtained from an alkaline solution wa: 
much purer. It contained about 97 percent ¢ 
nickel and 3 percent of phosphorus, and hence 
consisted largely of uncombined nickel. Th 
nickel phosphides obtained by the hypophosphite 
reduction are more similar to an intermetalli 
compound, in which the phosphorus behaves « 
a metal, than to a phosphine derivative. The 
are soluble in acids only with difficulty and do n 
give off phosphine when so treated. 


Principles 


phosphite, about 10 grams per liter instead 0 
several hundred grams per liter. Under these con- 
ditions, the deposition of nickel occurs on the sur 
face of iron, nickel, gold, cobalt, palladium, and alv- 
minum, but not on platinum, copper, zinc, or lead 

The method differs from the common methods 
of chemically depositing metallic coatings from 
aqueous solutions. The formation of coatings by 
chemical replacement, such as the formation of « 
copper film on steel dipped in copper sulfate, in- 
volves solution of the base metal. The formationo 
metallic films, such as silver, copper, or gold by re- 
duction, does not necessarily involve any catalyti 
action, as the metal precipitates indiscriminately 
over all articles immersed in it, as well as on th 
walls of the vessel. 
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IV. Bath Composition and Operating Conditions 


The composition of the baths may vary within 
wide limits. Some typical formulas are shown in 
table 1. The baths are operated at or above 90° C 
(194° F). As already noted, they produce a 

eposit only on certain metals. In the absence of 
1etals that catalyze nickel deposition, the baths 
are fairly stable. A bath containing hypophos- 
phite has been kept at 90° C for 5 hours without 
leteriorating very much. At room temperature, a 
bath is stable for several days. 

The nickel deposits contained about 97 percent 
of nickel, and therefore are similar to those that 

zal and Friederici obtained from an alkaline 


olution. 
TABLE 1.—Bath compositions 











---| 30 g/liter. _. | 30 g/liter. 


| 
| 


ickel chloride, NiCl,.6H,O 
dium hypophosphite, 
NaH:PO,. 
mijium chloride, NHiCl_| 50 g/liter 
mn citrate, NasCsH;Or. | 100 g/liter 
54H,0 | 
ate of deposition" hr....| 0.006.........} 0.012_. 
in./hr .-| 0.00025..... 0.0005 
ppearance of deposit | Semibright...| Dull 
lkali for neutralizing bath. ..| NHyOH.._..| NH,OH 
H anahdiined 8 tod -| Sto9 


30 g/liter 


10 g/liter | 10 g/liter. 10 g/liter. 


we 100 g/liter 


Bright. 
NaOH. 


8 to 9. 





Steel objects to be plated are cleaned by any of 
he accepted procedures and are given an acid 
lip before being placed in the bath. The parts to 
e plated are suspended in the bath, for example, 
yy a string. Small objects may be held on cloth 
tretched over a frame and should be agitated 
ceasionally, although there is no need of con- 
plant motion, as in barrel plating, because current 
istribution is not involved. During the deposi- 
ion a considerable amount of hydrogen is evolved 
rom the surface of the metal. Under the condi- 
ions of operation outlined, nickel deposits only 
bn the steel. However, after a bath has operated 
1 a glass vessel for about 5 hours, a small amount 
pf a precipitate containing nickel may deposit 
bn the bottom of the vessel where the source of 
heat has been applied. If this precipitate is not 
emoved, it may cause decomposition of some of 
he hypophosphite, just as another metal surface 


The thickness of nickel deposited in a given time 
lepends in part on the relation of the steel surface 


ting by Chemical Reduction 


to the volume of the bath. The values in the 
above table were obtained with an area of 1 
square decimeter (16 square inches) in 1 liter 
(1.1 quart) of solution. The rate of plating is less 
than that usually employed in nickel electro- 
plating in a tank, but is about the same as in 
barrel plating. Because of the gradual exhaustion 
of the hypophosphite, less nickel will deposit 
during each succeeding interval of time. Most 
of the nickel is deposited during the first hour, and 
the reaction is virtually complete in 2 hours, 
unless more hypophosphite is added. 

As the hypophosphite is gradually exhausted, 
more must be added if thick deposits are required, 
especially if the area to be plated is relatively 
large compared to the volume of solution. Addi- 
tions of 5 grams of hypophosphite per liter may 
be made at half-hour or 1-hour intervals. Thereby, 
deposits 0.002 inch (0.05 mm) thick have been 
obtained in about 6 hours. As pointed out in 
equations 1 and 2, the hypophosphite becomes 
converted into phosphite, which, however, does 
not interfere with the operation of the bath. When 
the bath becomes too concentrated with this 
compound, it would be more economical to discard 
the bath than to try to remove the phosphite. 

When the bath becomes depleted in nickel, 
additional nickel must be added in the form of 
soluble nickel salts. The function of the am- 
monium salts or the citrates is to keep nickel in 
solution at a pH of 8 to 9. Ammonia has the 
disadvantage of being volatile at the temperature 
at which the bath is operated, but it is more 
satisfactory than organic amines, which were 
tried as substitutes. The citrate can be replaced 
by other hydroxy-organic acids, such as tartaric, 
without affecting the operation of the bath. Bath 
1 (see table 1) is the preferred composition. Bath 
2, which does not contain any citrate, plates more 
rapidly than bath 1, but the deposits are dull 
and more likely to be rough, and the bath does 
not remain as clear during operation. Bath 3, 
with no ammonium salts, gave the brightest de- 
posits, but had the disadvantage that after 
the deposits had reached a thickness of about 
0.0002 inch, they ceased to become thicker even 
after several hours. 

The reason for using a low concentration of 
hypophosphite, as already pointed out, is to ob- 
tain a deposition on the articles without producing 
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“nickel black” throughout the bath. A similar 
consideration governs the chosen concentration 
of ammonium salts, too high a concentration of 
which will cause the chemical reduction to take 
place with liberation of nickel on the walls of the 
vessel. A higher nickel concentration tends to 
produce rough deposits. 

The temperature of operation of the bath is 
important. At temperatures below 90° C. the 
rate of deposition of nickel is slower, and the 
deposit is more likely to contain impurities. For 
example, at 60° C. the rate of deposition is about 
half that at 90°C. Nickel may be slowly deposited 
on steel at room temperature from a bath that 
has a high concentration of hypophosphite. 

The pH of the bath should be kept between 8 
and 9 to obtain the best deposits. On operation 
of the bath the pH drops because of the formation 
of hydrogen ions, as shown in equations 1 and 2. 
Also, the volatilization of the ammonia causes a 
drop in the pH. The pH is readily kept at the 
required value by adding ammonia water occa- 
sionally, so as to keep the bath perceptibly 
ammoniacal in odor. 

The efficiency of the reduction of nickel salts to 
nickel is not very high because, as pointed out in 
connection with reaction 2, some of the hypophos- 
phite is catalytically oxidized by water with the 
liberation of hydrogen. The best yield of nickel 
that has been obtained was about 37 percent, 


based on the conversion of the hypophosphite ; 
phosphite. This yield, obtained with a large ary 
of metal in the bath, amounts to a reduction ¢ 
about 2 grams of nickel by 10 grams of hypopho. 
phite. With a small area of metal in the bat) 
the efficiency of deposition is likely to be aboy 
20 percent. 

The adhesion of the nickel deposit to mild ste, 
is such that it cannot be flaked off by bending 
However, the adhesion is less satisfactory on high. 
carbon steel. 

Salt-spray tests were made on steel coated wit! 
0.0002, 0.0005, and 0.001 inch of this reduce 
nickel, in comparison with similar panels coate 
with electrodeposited nickel. The protective val 
of the two types of nickel was virtually the sam 

The chemical method of plating nickel is no 
economical to operate because the hypophosphit 
is expensive (about 70 cents a pound) and inf 
utilization is inefficient. On the other hand, : 
special equipment is required, such as generator 
rheostats, and racks. The utility of the metho 
will lie in special applications, for example, platin[y 
small lots of small steel parts, which cannot hf 
plated economically in a barrel. Another aif 
vantage of the method is that it can be employe 
to plate the inside of an article that cannot bi 
plated with an inside anode. For example, by thi 
method a nickel deposit was applied to the insid 
of a bent steel tube one-fourth inch in diamete ff 


V. Other Methods of Chemical Reduction 


The reduction of nickel and cobalt salts to the 
metal is a rather rare chemical phenomenon, of 
which we have found no recorded examples other 
than the method employing hypophosphites. In 
the course of some other work another system was 
encountered in which nickel and cobalt salts can 
be reduced to metal, but the reduction is not as 
simple or practicable as the hypophosphite 
method. This reaction involves the reduction of 
nickel or cobalt in an alkaline solution with lower 
valent molybdenum compounds. The molyb- 
denum, in the form of molybdate in a strongly acid 
solution, is electrolytically reduced in a porous 
cell, preferably with a lead cathode, to the reddish- 


brown solution of the lower valent salt. Whe 
this solution is added to an alkaline metal solutia 
containing hydroxyacetates (to keep molybdenum 
and cobalt compounds from precipitating), a thi 
mirror of nickel or cobalt will form on the walls 
the test tube and some gas will be liberated. 
Cobalt deposits have been obtained by anothe 
reaction, which was not conducted in aqueous solt- 
tion. A cobalt salt was dissolved in molten pota* 
sium formate or hydroxyacetate or a mixture 
the two, which melts at about 150° C. When! 
rod of copper or gold was left in the melt for som 
hours, a thin, bright coating of cobalt was ob 
tained as a result of chemical reduction. 


Wasuineron, April 11, 1946. 
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Temperature Coefficients for Proving Rings 


By Bruce L. Wilson, Douglas R. Tate, and George Borkowski 


Proving rings for calibrating testing machines are not compensated for change in elastic 


properties and dimensions with temperature. 


For this reason, temperature-correction 


factors must be used in computing ring loads from deflections obtained at temperatures that 


differ from the temperature of calibration. 


Temperature coefficients for 14 representative 


rings were computed from calibration results obtained at temperatures of 70° and 100° F. 


The temperature coefficient of one ring for the range + 70° to —93° F was determined from 


measurements of the natural frequencies at these temperatures. 


The temperature coefficient 


of a proving ring is shown to be equal to the temperature coefficient of Young’s modulus of 


elasticity plus twice the coefficient of thermal expansion of the material of the ring. 


I. Introduction 


The proving ring is the most widely used elastic 
alibration device [1]! for calibrating testing 
iachines that apply forces to engineering materials 
nd structures. About four-fifths of such devices 
ubmitted to the National Bureau of Standards for 
libration during the past year were proving 
ings. The rings are not compensated for the 
hange in elastic properties and dimensions with 
mperature, therefore, a knowledge of the tem- 
erature coefficient is required for use in computing 
ing loads from deflections obtained at temper- 
tures that differ from the temperature during the 
alibration of the ring. 

The tests described were undertaken (a) to 
etermine experimentally the temperature co- 
ficients of a number of representative proving 
ings for the usual range of room temperatures, (b) 
) determine the coefficient of a representative 


Figures in brackets indicate the literature references given at the end of 
Is paper. 
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ring at a temperature near —100° F, and (c) to 
determine whether the temperature coefficient may 
be calculated with sufficient accuracy from meas- 


The proving ring has been described in a 
previous paper [2]. Briefly, it is an elastic ring 
in which the deflection of the ring, when loaded 
along a diameter, is measured by means of a 
micrometer screw and a vibrating reed mounted 
diametrically in the ring. One of the rings used in 
the tests reported is shown in figure 1. This ring, 
which was used for the tests at —93° F, was made 
of steel having the following chemical composition: 
C, 0.50 percent; Cr, 1.00 percent; and Ni, 1.75 
percent. It was heat treated to show a Vickers 
number of about 475 (diamond indenter, load= 120 
kg). It is believed that each of the proving rings 
tested had a total alloying content not exceeding 
5 percent. 

Proving rings are usually calibrated in dead- 
weight machines [3], in which their deflections are 
determined for 10 uniformly spaced loads. The 
calibration factor, the ratio of the load to the 
deflection of the ring, is calculated, and the results 
are shown graphically as in figure 2. When a 


Ill. Theory of 


1. Relationship Between Temperature 
Coefficient and Deflection for Proving 
Rings 
The temperature coefficient, *, of a proving 

ring is defined by the equation 

k= (1/F.) (dF/dt), 
in which F, is the calibration factor for the ring 
at the standard temperature of calibration. 


The calibration factor F, for any temperature, 
t, becomes 


(1) 


F, Fl t k(t—t,)], (2) 


where 


F,=calibration factor for a temperature of 
t degrees 
t,=standard temperature of calibration. 


Equation 2 may be written in terms of deflections 
measured in dial divisions as 


d.=d{1+k(t—t,)], 


(3) 









II. Description of Proving Ring 


ured values of the temperature coefficient 
Young’s modulus of elasticity and the coefficien 
of thermal expansion for the material of a ring. 


ring is used to measure loads, the observed de. 
flection is multiplied by the product of the calibre. 


tion factor read from the calibration graph and «| 7 


temperature correction factor. : 
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Figure 2.—Calibration graph for Morehouse proving rir 
No. 144. 
Thermal Effects 


in which 

d.= deflection of the ring at a temperatu 

of t, degrees 
d,= deflection of the ring at a temperatw 

of t degrees. 
Solving equation 3 for the temperature coefficier 
pn te—4: , 
d,(t—t,) 
By means of equation 4 the temperature coefficie! 
for a ring may be computed from deflections fw 
the same load obtained at different temperatures 


2. Relationship Between Temperatur 
Coefficient of Proving Ring ani 
Temperature Coefficient of Young) 


Modulus of Elasticity and Coefficien' 4 


of Thermal Expansion 


The deflection in the direction of the load of 
closed circular ring of rectangular cross secti0! 
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naded at opposite ends of a diameter is given 
pproximately by the expression eq 4 
re 
™ d=APP/ El, (5) 
d=deflection of the ring in the direction of 
the forces 
A=a numerical constant 
P=load on the ring 
r=initial radius of curvature of the neutral 
surface 
E=Youth’s modulus of elasticity of the 
material of the ring 


l=width of the cross section of the ring 
h=thickness of the cross section of the ring. 


") The deflection of a proving ring is not exactly 
roportional to the load as indicated in equation 
The calibration factor increases slightly with 

creasing tensile load as shown in figure 2. 

Jsually the calibration factor for 10-percent capac- 

y load differs from the calibration factor for 

pacity load by less than 3 percent. 

» As the calibration factor of a proving ring is, 

Wy definition, the ratio of the load to the deflec- 

Mion of the ring measured in dial divisions, the 
ffect of changing temperature on the micrometer 

WBcrew should be included in the expression for the 
alibration factor. Usually the micrometer screw 

1 made of steel and has about the same coefficient 
f thermal expansion as the ring. If the axial 

ravel of the micrometer screw per unit dial 

livision is denoted by N, the calibration factor F 

may be written as 


F=(PN/d). (6) 


After combining equations 5 and 6 the result may 
ec expressed as 
F=BEL’, (7) 
1 which 
B=a numerical quantity, constant for a 
given ring 
E=Young’s modulus of elasticity, Ib/in.? 
L=a quantity having the dimensions of 
length, in. 
Mifferentiating equation 7 with respect to tem- 
Hperature and then dividing by equation 7, 


1dF_ idE, 2dL 

Fdt~E dt tL dt’ ®) 
‘ince the value of F changes by less than 1 
ercent over the temperature range in which prov- 


roving Ring Temperature Coefficients 


ing rings are ordinarily used, it is permissible to 
write 


1dF_1 dF 


PanvKan” 


the temperature coefficient of the ring. 
Since 
1dE _ 
Ra © 
the temperature coefficient of Young’s modulus of 
elasticity 


dL _ 
lat ™ 


the coefficient of linear thermal expansion. 
Equation 8 may be written 


k=e+2a. (9) 


By means of equation 9 the temperature coeffi- 
cient of a proving ring may be calculated from the 
temperature coefficient of Young’s modulus of 
elasticity and the coefficient of thermal expansion. 


3. Relationship Between Temperature 
Coefficient and Spring Constant 
for Proving Rings 

The temperature coefficient of a proving ring 
may be computed from measurements at two tem- 


peratures of the natural frequency of the elastic 
system consisting of the ring and its load of dead 


| a 


Figure 3.—Elastic system used in the vibration tests. 








The load applied to the ring is represented by M, the spring constant of the 
ring by ¢, and the spring constant of the loading fixtures by c’. 





weights shown in figure 3. The natural frequency 
of the system may be written [5] 


mb cm 
~ 2a WV (e+e’)m’ 
in which 


f=natural frequency of the system 
c=spring constant, load per unit deflec- 
tion, for the proving ring 
‘=spring constant for the loading fix- 
tures 
m=mass suspended from the ring. 


(10) 


From equation 10 the spring constant for the ring 
at any temperature, ¢, is 


me’ (2xf)? 


¢.= 3 
‘ e’—m(2zf)* 


(11) 


An expression for the temperature coefficient in 
terms of the spring constants of the ring may be 


derived from equation 4, which gives the relation- 
ship between the temperature coefficient and the 
deflections of the ring. It may be shown that 


(12) 
in which 
c,=the spring constant of the ring for the 
temperature ¢t degrees 
c,=the spring constant of the ring for the 
temperature ft, degrees 
a=the coefficient of linear thermal expan- 
sion. 
The last term in equation 12 is due to the change in 
pitch of the micrometer screw with temperature. 
By means of equation 12 the temperature coefii- 
cient of a proving ring may be calculated from the 
spring constants of the ring for two different tem- 
peratures and the thermal coefficient of linear 
expansion of the material of the ring. 


IV. Experimental Procedure 


1. Temperature Range 70° to 100° F 


The tests were made in dead-weight testing 
machines [3], the loading frames of which are 
inclosed in a temperature controlled room. The 
air temperature of the room could be maintained 
near 70° or 100° F and held constant to within 
one-half degree Fahrenheit. 

During the calibrations a steel block having a 
section approximately equal to the section of the 
ring being calibrated and long enough to reduce 
thermal end effects was placed near the ring. 
The bulb of a sensitive calibrated thermometer 
was sealed into a hole bored to the center of the 
block. The calibrations of the rings were made 
with both the block temperature and the air 
temperature maintained within one-half degree 
Fahrenheit of the desired temperature. The aver- 
age temperature of the block during the interval 
of calibration was taken as the average tempera- 
ture of the ring. 


2. Temperature Range +70° to —93° F 


For tests at —93° F the ring was inclosed in a 
wire-mesh cage, which in turn was inclosed in a 
box supported by the upper pulling rod. For 
the low-temperature tests the space between the 
wire-mesh cage and the box was packed with 
solid carbon dioxide. The box and cage were so 
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designed that, although the ring was almost com- 
pletely surrounded by solid carbon dioxide, suff- 
cient clearance was provided for the ring to 
vibrate without damping effects produced by 
friction with the cage or the walls of the box. 
Vibration tests at 70° were made with the box in 
place. 

The temperature of the ring was measured by 
means of five calibrated chrome] P-alumel ther- 
mocouples in contact with the surface of the ring 
It is believed that the errors of the temperature 
measurements did not exceed 1 degree Fahren- 
heit. During the low-temperature tests, the 
temperature of the ring differed from point to 
point due to conduction of heat along the pulling 
rods, but in no case did the temperature measured 
at any point differ from the average temperature 
by more than 5 percent of the total tempers- 
ture range. 

Vibration of the ring was produced by a single 
impact of a small hammer swung from a constant 
height about a fixed axis. The hammer swung 
freely, struck a rubber pad, and was caught on 
the first rebound. Therefore, the initial ampli- 
tude of the ring vibration was very nearly 
constant. 

The natural frequency of the vibration of the 
2,000-Ib-capacity ring loaded to about 60-percent- 
capacity load was measured by means of a Tucker- 
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man strain gage attached to projections on the 
pulling rods of the ring. The images from the 
gage, a reference mirror, and a vibrating mirror 
controlled by the standard 60-cycle-frequency 
signal from the Bureau’s Radio Section were 
photographed in an autographic autocollimator. 
The film was moved continuously by a synchro- 
nous motor at a speed of approximately 10 inches 
per second. The length of film exposed during 
each run was sufficient to photograph at least 60 
complete wavelengths of the ring vibration. 
Typical records are shown in figure 4. 

The frequency was determined from measure- 
ments of the number of time waves corresponding 
to a fixed number of wavelengths of the ring 
vibration. By projection, the number of time 
wavelengths was determined to within 0.1 time 
wavelength. In no case, it is believed, did the 
error in the measurement of the frequency exceed 
0.02 percent. 

The effect of damping on the frequency was 
calculated from measurements of the amplitudes 
on each film. In no case was the calculated error 


due to damping greater than 0.001 percent. 

Under ordinary conditions of use sufficient time 
elapses after the application or removal of load to 
a proving ring to permit almost complete tempera- 
ture equalization before readings are observed, 
and the action may, therefore, be considered 
isothermal [6]. During the vibration tests the 
frequency was about 12 cycles per second, and the 
action was nearly adiabatic. As the difference 
between temperature coefficients for steel rings 
determined under isothermal and adiabatic con- 
ditions can be shown to be less than 1 percent [7], 
no correction was considered necessary. 

The spring constant of the loading fixtures (c’, 
equation 10) was nearly independent of the tem- 
perature of the ring as the temperature of the air 
surrounding the rods and frame of the dead- 
weight machine was constant. The constant c’ 
was evaluated by substituting in equation 11 a 
value of c, derived from the calibration graph of 
the ring for 70° F and the measured natural fre- 
quency of the system for a ring temperature 
of 70° F. 


V. Results 


1. Temperature Range 70° to 100°F 


The temperature coefficients were determined 
for 14 proving rings for the range of temperatures 
from 70° to 100° F. In preliminary tests it was 
observed that the result obtained by computing 
the coefficient for the three highest of the 10, 
uniformly spaced test loads applied to the ring, 
e. g., 80, 90, and 100 percent of capacity, did not 
differ significantly from the result computed for 10 
wiformly spaced test loads. Therefore, the 
temperature coefficients were determined for the 
three highest test loads. The temperature coef- 
ficient, k (equation 4) was computed for each ring 
by the method of least squares. 

Typical average deflections for a 100,000-Ib- 
capacity compression proving ring are as follows: 





Applied load— 





| 80,000 90,000 
| Ib Ib 


100,000 
Ib 





Deflection, for 101.6° F, divisions | 545. 33 606. 67 
Deflection, for 70,2° F, divisions | | §42.82 603. 82 
ference, divisions — 2.51 | 2.85 





Proving Ring Temperature Coefficients 


TaBLeE 1.—Temperature coefficients for proving rings for the 
temperature range 70° to 100° F 


— “ a 


Temperature coefficient, k | 





xT  ° °° x: . 
| Compression | Tension per | 
per° F °F 

| | 





MOREHOUSE MACHINE CO 
PROVING RINGS 





Pounds 

2, 000 —0. 000144 

10, 000 000148 

10, 000 . 000143 

10,000 | 000152 | 
10, 000 ou0146 | 
20,000 | 000155 

50,000 | . 000155 

100, 000 . 000160 

100, 000 . 000146 

100, 000 . 000150 


| 100, 000 000158 | 


—0. 000134 


—. 000147 


—. 000149 


—_ RS SQ —E 
TINIUS OLSEN TESTING MA- | 
CHINE CO. PROVING RINGS 


————$—____— ee a | 


2,000 | —0.000123 | _.. 
| 20, 000 —. 000155 | 
| 100, 000 —. 000151 


— — | 





Average value of the temperature coefficient for proving rings, 
k= —0.000148/° F 





The temperature coefficient calculated from these 
data by the method of least squares is 


k= —0.000146 per degree Fahrenheit 


Temperature coefficients for the 14 proving 
rings are given in table 1. 

The temperature coefficients for proving rings 
varied from —0.000123 to —0.000160, the mean 
value being —0.000148 per degree Fahrenheit. 
This value corresponds to the value —0.000149 
per degree Fahrenheit calculated by means of 
equation 9 from values for the coefficients of 
Young’s modulus of elasticity and thermal expan- 
sion reported by Dadourian [8]. Keulegan and 
Houseman [9] reported results from which com- 
puted values were obtained ranging from 
—0.000132 to —0.000146 per degree Fahrenheit 
for steels of less than 5 percent total alloying 
content. 

The temperature coefficient of one of the rings 
differed from the average value for all of the rings 
by 0.000025 per degree Fahrenheit. For this ring, 
correction by means of the average value for a 
temperature difference of 30° F, a considerably 
greater temperature difference than is ordinarily 
encountered, would result in an error of 0.075 
percent. This is less than the tolerance (0.1 per- 
cent) for proving rings [2). 


2. Temperature Range +70° to —93° F 


Low-temperature measurements were made on 
the proving ring shown in figure 1. The calibra- 


tion graph for this ring for a temperature of 70°} 
is shown in figure 2. 

The temperature-correction coefficient was cal. 
culated from measurements of the natural fr. 
quency of vibration recorded on six films. Th 
following results were obtained. 


oo 


Frequency 


Spring | Temperature | 
constant | coeflicient 
of ring | per °F 


Tempera- 
ture 





°F | ce =| Bhim. | 
12. 391 23,050 | 
12.585 | 


| 
| 


—0. 00023 
23, 940 





The value — 0.00023 obtained for the temperatur 
range +-70° to —93° F differs considerably fron 
the average value of —0.00015 obtained for th 
temperature range 70° to 100° F. Benton [1) 
also reported a considerable increase in the ten. 
perature coefficient of Young’s modulus at lov 
temperatures. The greatest source of error in th 
low-temperature tests was the nonuniformity 0 
the temperatures of different portions of the ring 
Nevertheless, it is believed that the value reporte 
is not in error by more than 1 part in 23. 

As a check on the method used in the low-ten- 
perature tests, the temperature coefficient of : 
ring was measured by the same method over i 
temperature range of 70° to 178° F by means 
heaters mounted in the box used for the low-ten- 
perature tests. A value k=—0.000153 per degre 
Fahrenheit was obtained, which agrees with value 
obtained in the dead-weight machines. 


VI. Conclusions 


The temperature coefficients of a group of 14 
proving rings were measured for the temperature 
range 70° to 100° F and found to average —0.00015 
per degree Fahrenheit. This value is in agree- 
ment with values calculated from the results of 
other observers for this temperature range. 

The work of Keulegan and Houseman [9] has 
indicated that the temperature coefficient of 
Young’s modulus changes very slowly in the 
range of temperatures ordinarily encountered in 
the operation of testing machines. It is believed, 
therefore, that for rings made of steel having a 
total alloying content not exceeding 5 percent, 
the temperature coefficient will not vary more 


than 10 percent from 30° to 120° F. An error 0 
10 percent in the temperature coefficient wil 
introduce less than 0.05-percent error in the 
calculated ring load for a temperature differenc: 
of 30° F, a greater difference than is usually 
encountered. 

The temperature coefficient of a proving rig 
was also measured for the temperature rang: 
+70° to —93° F and found to be —0.00023 pe 
degree Fahrenheit. 

The temperature coefficients of rings made « 
steels having a total alloying content exceedin 
5 percent may be expected to differ significantly 
from the values reported. 
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Mutarotation and Ring Structure of 


Mannuronic Lactone 


By Horace S. Isbell and Harriet L. Frush 


The numerous commercial applications of algin, a polysaccharide derived from certain 
marine plants, makes important the study of its principal constituent, p-mannuronic lactone. 
In this paper it is shown that by oxidation with bromine mannosaccharic dilactone of known 
structure is formed directly from mannuronic lactone without change in ring structure, and 
hence the latter substance, like mannosaccharic dilactone, has a bicyclic structure consisting 
of two butylene oxide rings. The initial rapid mutarotation reaction of the substance is 
show n to consist of a conversion of the beta furanose modification to an equilibrium mixture 
cont aining the alpha furanose, and a detectable amount of the aldehyde modification. There 
is a small but measurable displacement of equilibrium with change in temperature. The 
mutarotation is exceptionslly sensitive to basic catalysts and for this reason the point of 


minimum rate lies in the acid region at pH 3.1. 


I. Introduction 





The uronic acids, although few in number, 
nstitute an important group of naturally occur- Contents 
g carbohydrate derivatives whose chemistry 
s not been adequately developed. Of the 16 Pee sao 
Ye aaeq y verses. II. Ring structure of mannuronic : lactone . 
ssible isomeric hexuronic acids, only 3 have been 1. Stereomeric factors TW tie aa, 
ind in nature. p-Glucuronic acid occurs in 2. Application of the bromine oxidation 
imal tissues, and frequently plays an important method . 
e in detoxifying processes. p-Galacturonic acid 3. Bromine oxidation measurements 
ane in el ‘ll ; > meets the chief III. Mutarotation of mannuronic lactone 
vay OS ae ees Oe Se 1. Changes in optical rotation . 

tuent of pectic substances. An isomeric sub- 2. Initial rapid mutarotation hil 
huce, D-mannuronic acid, is the principal con- (a) Application of the first-order 
tuent of algin. This polysaccharide is derived equation 
m certain marine algae [1],! especially from (b) Catalysis by hydrogen and hy- 
acrocystis pyrifera, the giant kelp of the Pacific ing 

q ’ sala: (c) Influence of temperature o on the 
ast, as well as from other species existing on the reaction rates 


lantic coast and elsewhere. Crystalline man- (d) Influence of temperature on the 
equilibrium state . 


Figures in brackets indicate the literature references at the end of this IV. Summary... ...4+. 
V. References .. . 


ng Structure of Mannuronic Lactone 





nuronic lactone [2] and two crystalline modifica- 
tions of p-mannuronic acid [3] have been prepared 
from alginic acid. The lactone of mannuronic 
acid exhibits a rapid mutarotation, indicating the 
establishment of an equilibrium between at least 


two modifications. It has been assumed that ¢ 
crystalline substance has a bicyclic structure, ox 
sisting of a lactone ring and a sugar ring, but 

attempt has been made to assign a definite str, 
ture to the sugar entity. 


Il. Ring Structure of Mannuronic Lactone 


1. Stereomeric Factors 


A careful inspection of the structural models for 
mannuronic lactone reveals that it can readily 
form a bicyclic structure having two six-membered 
rings or two five-membered rings. The stere- 
omeric relationship of the groups, however, is 
such that a compound having both a five- and a 
six-membered ring is highly improbable and may 
be eliminated from consideration. Thus the 
aldose function of a mannuronic gamma lactone 
can exist only in the open-chain form or in the 
furanoid form, whereas the aldose function of a 
mannuronic delta lactone can exist only in the 
open-chain form or in the pyranoid form. Ordi- 
narily, gamma lactones are much more stable to 
hydrolysis than delta lactones, but there are ex- 
ceptions to this general rule. For instance, 
Haworth, Jackson, Owen, and Smith [4] have 
pointed out that the presence of an anhydro ring 
in a sugar structure may affect in marked degree 
the relative stability of the pyranose and furanose 
modifications. Likewise Smith [5] has found that 
the dilactone of glucosaccharic acid, presumably 
having the 1,4-3,6-bicyclic structure, is hydrolyzed 
rapidly by water, and has suggested that the 
sensitivity to hydrolysis is due in part to the strain 
caused by the interlocking rings. Inasmuch as 
mannuronic lactone is relatively stable to hydrol- 
ysis, it might be expected to have the gamma 
lactone structure, but obviously this structure 
cannot be assigned merely from the stability of 
the compound to hydrolysis. 


2. Application of the Bromine Oxidation 
Method 


In previous publications from this Bureau [6] it 
has been shown that the ring forms of the sugars 
are oxidized by bromine water directly to lactones 
without the intermediate formation of the free 
acids. It has been shown also [7] that the two 
pyranose modifications of galacturonic acid on 
bromine oxidation yield an optically active lactone 
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of mucic acid, a fact which demonstrates that { 
pyranose ring remains intact during the oxi 
tion.? Thus the bromine oxidation method 
applicable to the study of the ring structure of 


uronic acids. 
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VII 


If mannuronic lactone had a delta lacto 
structure, oxidation of the aldehyde form I wow 
yield the unknown delta monolactone of ma 
nosaccharic acid II, and oxidation of the pyrane 
form III would yield the unknown delta dilacto 

‘If the pyranose ring were ruptured before oxidation, the two carhb« 


groups of the mucic acid, a meso compound, would have equal opportu 
to form a lactone, and a racemic mixture would result. 
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IV. If mannuronic lactone had a gamma lactone 
structure, the aldehyde form V would yield the 
unknown gamma monolactone of mannosaccharic 
acid VI, and the furanoid form VII would yield 
the known gamma dilactone VIII. The results 
described in this paper show that the oxidation 
product of mannuronic lactone is in fact the man- 
nosaccharic gamma dilactone VIII, whose struc- 
ture has been well established [8]. Hence man- 


nuronic lactone has a furanoid structure for the 
sugar ring and the gamma structure for the lactone 
ring as represented in formula VII. 


3. Bromine Oxidation Measurements 


The formation of mannosaccharic dilactone 
from mannuronic lactone was studied by oxidation 
of the latter substance under conditions essentially 
the same as those previously used for the study of 
the ring structure of the sugars [9]. A 0.5-g 
sample of crystalline mannuronic lactone was 
added to a buffered solution prepared by the addi- 
tion of 2 ml of bromine to an ice-cold mixture 
containing 2 g of barium carbonate in 25 ml of 
water saturated with carbon dioxide and contained 
in a glass-stoppered flask. The mixture was 
cooled in ice and kept in agitation by shaking. 
Time was measured beginning with the addition 
of the crystalline lactone to the bromine solution. 
After 5 minutes at 0° C a portion of the mixture 
was filtered. ‘The temperature of the filtrate was 
raised to and kept at 20° C. From time to time 
the optical rotations were read in a 1l-dm tube 
with a Bates saccharimeter. These values are 
reported in the second column of table 1. 


TaBLe 1.—Comparison of the optical rotation of the product 
obtained by bromine oxidation of mannuronic lactone with 
the optical rotation of mannosaccharic dilactone under 
like conditions. 





Solution obtained from— 





| Mannuronic | Mannosaccharic 


lactone dilactone 


1, 320 











To establish the identity of the oxidation prod- 
uct, the optical rotations were compared with 
those of an equivalent amount of mannosaccharic 


Ring Structure of Mannuronic Lactone 


dilactone that had been treated in the same man- 
ner. The optical rotations, recorded in table 1, 
show that both solutions exhibit mutarotation, 
and that the values are in substantial agreement at 
all times. The mutarotation is undoubtedly 
caused by hydrolysis of the dilactone. As delta 
and gamma lactones differ markedly in sensitivity 
to hydrolysis, the agreement of the two solutions 
in respect to this property precludes the possibility 
of a delta lactone structure, and shows that the 
oxidation product of mannuronic lactone is indeed 
the known mannosaccharic dilactone having the 
gamma lactone structure. 

The initial rotations of both solutions correspond 
to specific rotations somewhat lower than the 
recorded specific rotation of mannosaccharic dilac- 
tone. The difference presumably arises from the 
fact that a small part of the oxidation product and 
of the dilactone was converted to the barium salt. 

The direction of the change in optical rotation is 
particularly significant. Rehorst [10] found that 
the specific rotation of a solution of mannosac- 
charic dilactone decreases from +203.1° in 47 
minutes to +69.5° in 24 days, whereas that of a 
solution of mannosaccharic acid increases from 
+3.6° in 3 minutes to +48.7° in 27 days. The 
latter values expressed on the weight of the 
dilactone are +4.3° and +58.8°. Thus the 
specific rotation of the equilibrium mixture lies 
between +69.5° and +58.8°. The decrease in 
optical rotation of the solution from mannuronic 
lactone shows that mannosaccharic dilactone is 
present immediately after oxidation in excess of the 
equilibrium proportion, and must have been formed 
without the intermediate production of the free 
acid. It follows that there was no alteration in 
ring structure during oxidation and that man- 
nuronic lactone has a bicyclic structure like that 
of mannosaccharic dilactone. 

To confirm the conclusion that mannosaccharic 
dilactone is formed by bromine oxidation of 
mannuronic lactone without the intermediate 
formation of free mannosaccharic acid, 5 g of 
mannuronic lactone was oxidized under the condi- 
tions described above, and the product was iso- 
lated. The oxidation was stopped after 5 minutes 
by removal of the bromine with a mixture of 1 
part of linseed oil and 2 parts of benzene. The 
solution was filtered, and an aliquot corresponding 
to four-fifths of the material was concentrated in 
vacuum at a temperature of 40° C to a semisolid 
crystalline massecuite, which was then extracted 
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with a total of 200 ml of acetone. The extract 
was filtered and evaporated in a stream of dry air. 
The residue, 2.32 g, corresponding to a 59-percent 
yield, crystallized in slender needles. After one 
crystallization from ethyl alcohol, [a]? =+200.0° 
(15 minutes. Water, c=1.5). For a sample of 
pure mannosaccharic dilactone prepared in this 
laboratory, [a]?=-+201.1° (15 minutes. Water, 
c= 1.5). 


Inasmuch as the oxidation was conducted in the 
presence of barium carbonate, a basic substance. 
and the product was extracted with acetone with. 
out previous acidification, the formation of the 
free mannosaccharic acid could not have been ap 
intermediate step in obtaining the dilactone a 
described above. 


III. Mutarotation of Mannuronic Lactone 


1. Changes in Optical Rotation 


Nelson and Cretcher [2], who first prepared 
mannuronic lactone, reported a mutarotation from 
+79.9° at 3 minutes to a maximum of +93.8° in 
28 minutes, followed by a slow decrease over a 
period of days. After 864 hours the solution had 
a specific rotation of +61.8° and contained 39.1 
percent of acid and 60.9 percent of lactone. The 
authors state that “the rapid initial increase is 
probably due to attainment of equilibrium be- 
tween the a and § forms of the aldehyde, and the 
subsequent decrease is due to the formation of 
mannuronic acid.” Subsequently, Ault, Haworth, 
and Hirst [11] reported an optical rotation of 
+95°, with no mutarotation, whereas Stacey and 
Wilson [12] reported a value of +50°, increasing to 
+.94° in 30 minutes. The measurements obtained 
in the present investigation (table 2) show an 


TaBLe 2.—Mutarotation of mannuronic lactone in water 
at 20° C 


4 ¢ per 100 ml, read in a 2+im tube. 
° S=—7.86X 10-*-1++-2] .2.¢ 
la]S = —34.5X 10-*- %+4-92.2. 
[a}?? = +57.7 (initial), +92.2 (maximum). 


Observed 
reading 


Observed Time 
reading 


Minutes s Minutes °*s | 
0 ; ferer ’ 18. 83 0.126 | 
0 j . 19. 21 
19. 60 
19.97 
20. 27 
20. 53 
21.02 
| (maximum) 


Average 





® This equation is converted to a specific-rotation basis by multiplying by 
the ratio of the maximum specific rotation (measured on a separate sample) 
to the observed maximum rotation in sugar degrees. The method for deriving 
the equation and calculating the initial rotation is given on page 156 of refer- 
ence (9). 
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initial rotation of +-57.7° and a rapid increase to a 
maximum of 92.2° in about half an hour. As 
noted by Nelson and Cretcher, the subsequent 
decrease in optical rotation is caused by cleavage 
of the lactone rather than by a change in the sugar 
function and consequently it will not be discussed 
in this paper. 


2. Initial Rapid Mutarotation 


As mannuronic lactone has a bicyclic structure 
with a furanose ring and a gamma lactone ring, the 
initial rapid mutarotation might involve the alpha 
and beta furanose modifications and the opeo- 
chain modification of the sugar function or hydrol- 
ysis of the lactone ring. However, it has been 
shown [2] that the slow mutarotation is due to the 
hydrolysis of the lactone ring, and hence the rapid 
mutarotation must be associated with changes in 
the sugar function. When the material is treated 
with Schiff’s aldehyde reagent, a pink color 
gradually develops. The intensity of the color is 
greater than that obtained with galacturonic acid 
or with mannose. However, as the color does not 
appear immediately, but only after an interval 
of at least 5 minutes, it may be assumed that the 
crystalline material is not the aldehyde, but that 
some of the aldehyde is formed by the mutarota- 
tion reaction. The aldehyde modification of 
mannuronic lactone differs from mannonic gamma 
lactone only in that it contains a CHO group in 
place of the terminal CH,OH group, and conse- 
quently it may be assumed that the specific 
rotation of the aldehyde form does not differ 
widely from the specific rotation of mannonic 
gamma lactone (+-51). During the mutaro- 
tation, the specific rotation increases from +58 to 
+92. This requires the formation of a substance 
having an optical rotation of at least +92, a value 
considerably larger than that anticipated for the 
aldehyde. Undoubtedly, the substance is the 
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alpha furanose modification. Thus the reaction 
involves establishment of equilibrium between the 
alpha and beta furanose modifications and the 
aldehyde. As already pointed out, the presence 
of a gamma lactone ring precludes the existence 
of mannuronic lactone in the pyranoid form. As 
an equilibrium solution of mannose does not con- 
tain an appreciable quantity of the aldehyde form, 
the presence of the aldehyde in the equilibrium 
solution of mannuronic lactone shows that the 
lactone ring enhances the tendency of the sugar 
to exist in the aldehyde form. 


(a) Application of the first-order equation 


As shown by the values given in table 2, the 
rapid mutarotation follows the usual first-order 


equation: 


To—Te 
% 


saci 5 ] — 
m °6 T;—Te 


t 
in which r, is the rotation at time ¢t, ro is the 
maximum rotation, 7» is the rotation at the begin 
ning of the time period ¢, and m is the mutarota- 
tion constant. The observed value for the muta- 
rotation constant of mannuronic lactone at 20° C 
(0.125) is much higher than the constant (0.0148) 
for the interconversion of the pyranose modifica- 
tions of galacturonic acid [7], but it does not differ 
widely from that (0.16) found for the rapid 
mutarotation reaction of galacturonic acid hy- 
drate, which was ascribed to a pyranose-furanose 
interconversion. 


(b) Catalysis by hydrogen and hydroxyl ions 


It has been established [13] that the mutarota- 
tion constants for sugars in solutions of varying 
acidity may be represented by an equation of the 
type: 
in which A represents the catalytic effect of the 
solvent, B[H] the catalytic effect of the hydrogen 
ion, and O[OH] the catalytic effect of the hydroxy] 
ion. Some values obtained for the mutarotation 
constant of mannuronic lactone at various acidi- 
ties are given in table 3. The following equation, 
which represents the effect of hydrogen and hy- 
droxyl ions on the mutarotation constant of 
mannuronic lactone at 1.2° C, was calculated 
from three simultaneous equations, using the 
values at pH 1.0, 3.0, and 4.9: 


m=0.0057 +-0.59[H] +260,000,000[0H]. 


Ring Structure of Mannuronic Lactone 


TaBLe 3.—Mutarotation constants for mannuronic lactone 
at 1.2°C in aqueous solutions of various aciditlies 








Solution 





EE aE tent craccsdndligsnatihdainlienniadiodagellil 
0.01 NW HCl......... sbibbbantthidecs 

0.001 N HCl : d 
Water sind . OF = it . 0106 
Nitrophenol buffer®...................... . 0318 








* This buffer solution consisted of 1 part of o-nitrophenol solution saturated 
at 20°C and 1 part of water. Sodium hydroxide was added to the extent 
of 0.0004 equivalent per liter. 


The constant passes through a minimum 
(0.0066) at a hydrogen concentration of 7.4 10~* 
(pH 3.13), at which point the catalytic effect of 
the solvent is approximately six times the com- 
bined catalytic effect of the hydrogen and hydroxyl 
ions. The mutarotation constants at 20° C for 
levulose and glucose are reported to show minima 
at pH 4.4 and 4.6, respectively [14]. It is of 
interest to compare the relative sensitivities of the 
mutarotations of mannuronic lactone, levulose, 
and glucose to the catalytic effect of hydrogen 
and hydroxyl ions. The data for mannuronic 
lactone is not directly comparable with that pre- 
viously reported for levulose and glucose. A 
qualitative comparison can be made, however, by 
taking the minimum value of the constant for each 
substance as unity. This eliminates the catalytic 
effect of the solvent, the effect of the difference in 
temperature under which the measurements were 
made, and the large difference in minimum rates. 
A comparison of this character is shown in figure 1. 











MUTAROTATION CONSTANT 


MINIMUM MUTAROTATION C 











Figure 1.—Variation of the mutarotation constants with 
acidity. 
I. Mannuronic lactone, an a-8-furanose interconversion. 
II, Levulose, a pyranose-furanose interconversion. Data from reference 


[14]. 
III. Glucose, an a-8-pyranose interconversion. Data from reference [14] 
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The mutarotation of mannuronic lactone, an 
alpha-beta furanose interconversion, is more 
sensitive to the catalytic action of hydrogen ion 
than the mutarotation of glucose, an alpha-beta 
pyranose interconversion, and less sensitive than 
that of levulose, a pyranose-furanose interconver- 
sion. With respect to the hydroxyl ion, the 
mutarotation of mannuronic lactone is far more 
sensitive than the mutarotations of either glucose 
or levulose. In fact, the catalytic effect of the 
hydroxy] ion is so strong that at pH 7 the mutaro- 
tation is too rapid to be detected even at 1.2° C. 
The high sensitivity to the hydroxyl ion may be 
a characteristic property of alpha-beta furanose 
interconversions, but as the substance has a 
bicyclic structure, its mutarotation may not be 
typical of alpha-beta furanose interconversions in 
general. The long horizontal section of the glu- 
cose curve indicates that in the pH range from 
2 to 7 the predominating rate-determining factor 
is the catalytic effect of the water, and that the 
specific catalytic effect of the hydrogen and 
hydroxyl ions is relatively small. The almost 
complete absence of a horizontal section in the 
curve for mannuronic lactone indicates that at all 
acidities the hydrogen and hydroxyl ions in- 
fluence the reaction rate substantially. 


(c) Influence of temperature on the reaction 
rates 


Another point of distinction between reactions 
of the alpha-beta pyranose type and reactions of 
the pyranose-furanose type is that the former have 
higher temperature coefficients and give larger 
values for Q, the Arrhenius constant. Measure- 
ments made with mannuronic lactone in 0.001 
N HCl at 1.2° and 20° C give constants of 0.0066 
and 0.075, respectively. Application of the 
Arrhenius equation * to these values gives for Q a 
value of 20,600 in comparison with an average 
value of 16,800 for the alpha-beta pyranose inter- 
conversions of 32 sugars and an average value of 
13,500 for the pyranose-furanose interconversions 
of 15 sugars [15]. Thus the value for Q for the 
mutarotation of the mannuronic lactone is some- 
what higher than the values found either for the 


— a a; ae ) 
32.30% log —=— wns Re 
wal “ ( m Ti 


alpha-beta pyranose interconversions or for the 
pyranose-furanose interconversions of the sugar, 


(d) Influence of temperature on the equilib. 
rium rates 


Reactions of the pyranose-furanose type also 
differ from those of the alpha-beta pyranose type 
in that they usually involve larger energy changes, 
If the energy change is small, as in the intercon. 
version of the alpha and beta glucopyranoses, 
there is little displacement of the equilibrium with 
change in temperature. But if the energy change 
is high, as in the case of the pyranose-furanos 
interconversion of fructose, there is a considerable 
displacement of equilibrium with change of tem- 
perature. As shown by the data of table 4, when 
the temperature of a solution of mannuronic 
lactone of maximum rotation is suddenly lowered 
there is a small but measureable mutarotation 
that takes place at a rate substantially the sam: 
as that for a solution freshly prepared from cry- 
stalline mannuronic lactone. The optical rota- 
tion decreases, and hence the displacement of 
equilibrium on cooling is in favor of a less dextro- 
rotatory substance, presumably the beta furanose 
or the aldehyde modification. As the change in 
the equilibrium with change in_ temperatur 
appears to be small, it seems probable that the 
heat of reaction is also small. 


TaBLe 4.—Thermal mutarotation of a solution of mannv- 
ronic lactone in 0.001 N HCl after cooling from 20° to 
1.0°C 


(10 g of mannuronie lactone per 100 m! of solution read in a 2-dm tulx 
; Petes >. 

Time after | Observed | Mutarotation 

cooling reading constant ® 





i 
Minutes ; S@ m 
4.3 | 50.28 ae 
8.5 | 50.20 0.010 
15.0 | 50.06 .012 


| 
} 
| 


2.7 49. 96 .010 
6.4 49. 81 .009 
59.5 49. 73 . 008 
103.6 49. 58 . 007 
Constant adnan ona | 











* As the values given in this column are based on small changes in optic 
rotation, the experimental! error is large, and the agreement with the mul» 
rotation constant of the lactone in 0.001 N HCl, 0.0066, is as close as could & 
ex . 





or the 
jugars. 


uilib. 


e also 
B type 
anges, 
ercon- 
Noses, 
n with 
hange 
ranose 
erable 
f tem- 
when 
Ironic 
wered 
tation 
. sam 
mn cry- 

rota- 
nt of 
lextro- 
ranose 
nge in 
rature 
at, the 


mann 
s 20° to 


mn tube} 


IV. Summary 


Oxidation of mannuronic lactone with bromine 
ater under conditions that preclude rupture of 
e sugar ring gives the dilactone of mannosac- 
aric acid that is known to have a 1,4-3,6- 
cyclic structure. The production of this sub- 
nce shows that mannuronic lactone is a bicyclic 
mpound containing a 1,4-furanose ring and a 
-lactone ring. 

The mutarotation of mannuronic lactone is 
aracterized by two reactions, a rapid conversion 
the beta furanose modification to a mixture 
ntaining the alpha furanose, and the aldehyde 
dification, and a slow hydrolysis of the lactone 
i. The mutarotation of the sugar component 
water at 20° C and at pH 4.0 follows the 
uation: 


[a] = —34.5 X10" 4.92.2. 


) 8= +57.7° initially, and +92.2° after 30 min- 
ss (maximum). The rate of mutarotation is 
nsiderably higher than that found previously for 
e alpha-beta pyranose interconversion of galac- 
ronic acid, but it does not differ widely from the 
te attributed to the pyranose-furanose intercon- 


version of this substancé. The mutarotation rate 
does not change markedly in the range from pH 2 
to pH 4, but in more strongly acid or alkaline 
solution, the rate rises sharply. The catalytic 
influence of the hydrogen and hydroxyl ions on the 
mutarotation constant at 1.2° C may be repre- 
sented by the equation: 


m=0.0057 +-0.59 [H] + 260,000,000 [OH]. 


The marked sensitivity of the substance to the 
catalytic effect of hydroxyl ions causes the point 
of minimum rate of mutarotation to lie far in the 
acid range (pH 3.1). Mutarotation measurements 
at 1.2°C and 20° C in 0.001 N HCl give constants 
of 0.0066 and 0.075, respectively, corresponding to 
a heat of activation of 20,600 calories. There is a 
small but measurable thermal mutarotation when 
the temperature of a solution of mannuronic lac- 
tone of maximum rotation is suddenly lowered. 
The rate of this mutarotation is substantially the 
same as that of a solution freshly prepared from 
crystalline mannuronic lactone. The direction of 
the change indicates the production of either the 
beta furanose or the aldehyde modification. 
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sats of Formation and Combustion of the Normal 
Alkyleyclopentanes and Cyclohexanes and the In- 
rement per CH, Group for Several Homologous 
eries of Hydrocarbons’ 


By Edward J. Prosen, Walter H. Johnson, and Frederick D. Rossini 


Values are presented for the heats of formation and combustion at 25° C for the normal 
alkyleyclopentanes and the normal alkyleyclohexanes, in the liquid state through normal 
butyl and in the gaseous state through normal hexadecyl, with equations to yield values for 
all the higher members of both series in the gaseous state. 

The increment per CH; group is compared for the lower members of several normal alkyl 
homologous series, including paraffins, monoolefins (l-alkene), alkylbenzenes, alkylcyclo- 
pentanes, alkylcyclohexanes, and alkyl acetylenes (l-alkyne). 


I. Introduction 


A value was recently presented for the incre- the heats of formation and combustionwof the 
ent in energy content per CH, group for the normal alkyleyclopentanes and normal alkylcyclo- 
embers of the normal paraffin hydrocarbons _hexanes, and a comparison is made of the incre- 
ove pentane [1].2_ This new value of the incre- ment per CH, group for the lower members of 
ent per CH, group, which was based on many _ several normal alkyl homologous series, including 
ew data on the heats of combustion and vapori- paraffins, monoolefins (l-alkenes), alkylbenzenes, 
ation of the normal paraffin hydrocarbons  alkylcyclopentanes, alkyleyclohexanes, and alkyl 
, 3, 4, 5, 6], replaced the previous and less precise acetylenes (1-alkyne). 

” presented in 1934 [7]. With the new value “? Figures in brackets indicate the literature references at the end of this 
the increment per CH, group, values have __ paper. 

een calculated for the heats of formation and 
mbustion of the higher normal monoolefins 
l-alkene) [8] and the higher normal alkylben- 
enes [9]. 
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n the present paper, values are presented for . Heats of formation and combustion of the nor- 
mal alkyleyclopentanes and cyclohexanes--- 

' This investigation was performed at the National Bureau of Standards Increment per CH, group for several homologous 

lntly by the Thermochemical Laboratory and the American Petroleum ; 


bstitute Research Project 44 on the “Collection, Analysis, and Calculation series of hydrocarbons 
Data on the Properties of Hydrocarbons.” . References_-_--- 
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If. Heats of Formation and Combustion of the Normal 
Alkyleyclopentanes and Cyclohexanes 


In table 1, values are given for the heats of 
combustion and formation at 25° C of the normal 
alkyleyclopentanes, in the liquid state through 


normal butyl and in the gaseous state 
normal hexadecyl. 


TaBLe 1.—Values for the heats of combustion and formation of the alkyleyclopentanes 








Compound | Formula 


Cyclopentane . | 
Methylcyclopentane eces 
Ethylcyclopentane | 
n-Propyleyclopentane 
n-Butylcyclopentane 


n-Amylcyclopentane 
n-Hexylcyclopentane 
n-Heptylcyclopentane 
n-Octylcyclopentane 
n-Nonyleyclopentane 


n-Decylcyclopentane 
n-Undecylcyclopentane 
n-Dodecylcyclopentane 
n-Tridecylcyclopentane 
n-Tetradecylcyclopentane 


n-Pentadecylcyclopentane 
n-Hexadecyicyclopentane 


A per CHy 





Heat of combustion® at 25° C, Heat of formation® at 25° C, 
~AHe® AHf 


Liquid 
keal/ mole 
786.54 40.17 
941.14 40.18 | 
1097.50 40.22 | 
1253.74 £0.28 | 
1410. 10 +0.34 


| 
| Gas 


Liquid 


_. 


| 

kcal/mole 
—18.46 +0.18 
—25.50 +0.20 


keal/ mole 
—25. 31 +0. 18 
—33.08 +0. 20 
—39.08 +0. 24 
—45.21 +0.30 
—651. 22 +£0.37 


| kcal/mole 
793.39 +£0.17 | 
948.72 +0. 18 
1106. 21 +0. 23 | 
1263.56 +0. 28 | 
1421.10 +0.33 








© —Alic°me.u represents the heat evolved in the combustion of the given hydrocarbon, in gaseous oxygen to form gaseous carbon dioxide and liquid water 
25° C and constant pressure, with all reactants and products in their appropriate standard reference states. 
> AHJ° m1 represents the increment in the heat content or enthalpy of the processof forming the given hydrocarbon in the state indicated, from its element 


at25° C, 


Values of the heats of combustion in the gaseous 
state at 25° C for the normal alkylceyclopentanes 
from normal butyl to normal hexadecyl (given in 
table 1), and for all the higher members, are 
given by the equations: 


C,.H,,.(gas, normal alkyleyclopentane) + 
(3n/2)O,(gas) =nCO,(gas) +nH,O(liquid) ; (1a) 


— AH ey 16 = 4.1144 157.443, + (0.3605— 
0.05864n +-0.003428n*)* kcal/mole; n>8. (1b) 
Similarly, values of the heats of formation in 
the gaseous state at 25° C for all the normal 
alkylcyclopentanes above normal propyl are given 
by the equations: 


nC(solid, graphite) +nH,(gas) = 
C,H,,(gas, normal alkylcyclopentane); (2a) 


Af vos 18 = 4.114 —4.926n + (0.3605 —0.05864n + 
0.003637n?)* kcal/mole; n>8. (2b) 
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with all reactants and products in their appropriate standard reference states. 


In table 2, values are given for the heats 0 
combustion and formation at 25° C of the norms 
alkyleyclohexanes, in the liquid state througi 
normal butyl and in the gaseous state througl 
normal hexadecyl. 

Values of the heats of combustion in the gaseo 
state at 25° C for all the normal alkyleyclohexan 
above normal propyl are given by the equations 


C,H, (gas, normal alkyleyclohexane)+ —_ 
(3n/2) O, (gas) =nCO, (gas) +nH,O (iquid 
(Ja 


— AH eoe.16= — 1.690+ 157.443n + (0.4216— 
0.06358n +-0.003428n7)* kcal/mole; 4 
( 


Similarly, values of the heats of formation 
the gaseous state at 25° C for all the norm 
alkylcyclohexanes above normal propy]! are give 
by the equations: 
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TaBLe 2.—Values for the heats of combustion and formation of the alkylcyclohezanes 








~ SHOGLL OF Us 


Compound Formula 


leat of combustion® at 25° C, 
—AHe® 


Liquid Gas | Liquid 


kcal/mole kcal/mole keal/mole | keal/ mole 


Cyclohexane... meptbencntmens CoH | 936.88 40.17 | 044.7040.17 | —37.3420.19 | —29.43 40.19 


Ethyleyclohexane._. CsHw 


Methylcyclohexane... | CrHv | 1091.13 40.23 | 1000.50 40.23 | —45.4540.25 | —36.99 40.25 


n-Propylcyclohexane ‘ C:iHw 
n-Butyleyclohexane. - . , | CywHy 


n-Amylcyclohexane : CuHa 
n-Hexyleyclohexane the CuHu 
n-Heptylcyclohexane. ...._. CuHa 
n-Octylcyclohexane CuBs 
n-Nonylcyclohexane.... 


n-Decylcyclohexane e------| CypHigg 
n-Undecylcyclohexane - 

n-Dodecylcyclohexane. .. .. 

n-Tridecylcyclohexane 

n-Tetradecylicyclohexane 


n-Pentadecylcyclohexane 
n-Hexadecyicyclohexane 


1248.23 +0.35 1257.90 +0. 35 —50.72 +0. 37 —41.05 +0. 37 


1415.12 40.27 | —56.98 +0.30 —46.20 +0. 30 
1572. 74 40.30 —62.91 +0. 32 —50.95 +0. 33 


1730. 18 +0. 37 _--en.| —55.88 40.40 
1887.63 0.39 | —60.80 +0. 43 
2045.07 +0. 42 > ..| —65.73 40.46 
2202.51 40.45 |..................| —70.65 40.49 
2359.96 40.49 |. —75.58 +0. 54 


2517.40 +0. 53 —80.51 +0. 58 
2674.84 40.58 |.... ° t —85.43 +0. 63 
2832.28 +0.62 |......... -.-| 90.36 +0. 68 
2989.73 +0. 67 . —95.28 +0. 73 
3147.17 +0.72 — oceesee---| 100.21 20.78 


3304.61 +0.77 — 105.14 +0.83 
3462.06 +0.83 —110.06 +0. 88 








*— Al Ic°ss.¢ represents the heat evolved in the combustion of the given hy 


drocarbon, in gaseous oxygen to form gaseous carbon dioxide and liquid water, at 


and constant pressure, with all reactants and products in their appropriate standard reference states. 
>— A Hf°se.ss represents the increment in the heat content or enthalpy of the process of forming the given hydrocarbon in the state indicated, from its elements, 
a 25° C, with all reactants and products in their appropriate standard reference states. 


aC (solid, graphite) +H, (ga 


s)= 
C,H,,(gas, normal alkylcyclohexane); (4a) 


Mfrs. 1e= — 1.690 —4.926n + (0.4216— 
0.06358n + 0.003637n?)* kcal/mole; n>9. 
(4b) 


In the foregoing equations, n is the total 
number of carbon atoms per molecule. 

The values of heats of formation and heats of 
combustion given in tables 1 and 2 and by equa- 
tions 1, 2, 3, and 4 were derived from the following 
data: 

Heats of combustion in the liquid state at 
25° C of the first four members of the series of 
normal aklyleyclopentanes and the first five mem- 
bers of the series of normal alkylcyclohexanes [10]. 

Heats of vaporization of the first five members 
of each of the seris of normal alkylcyclopentanes 
and normal alkyleyclohexanes (4, 5]. 

Increment per CH; group for the gaseous nor- 
mal paraffin hydrocarbons above pentane [1]. 

Comparison of previous experimental data with 
the selected “‘best’’ values from this report is 
shown in table 3, in which the values from earlier 
investigations have been converted, insofar as 
significant, to the present unit of energy and atomic 
Feights. 


Heats of Formation and Combustion 


Tasie 3.—Comparison of previous experimental data with 
the values of this report for the heats of combustion of the 
alkylcyclopentanes and alkylcyclohexanes 














] | 
Heat of combustion 


| Ref-| Differ- | Estimat- 
Compound Investigators Year| er- ence ed uncer- 
ts | from tainty 
| value of the 
ofthis | differ- 
report ence 


| 
| | 
|kcal/mole® kcal/mole> 
Cyclopentane (li- | Huffman {17}} 40.12 +0. 33 
quid). | | 
Zubow [13] 62 +. 4 


Me > , = 
(ethyl cyclopen Moore, Renquist, [14] 46 | +.4 
65 


tane (liquid). end Parks. 


Ethyl cyclopentane | Moore, Renquist, | [14}) 
(liquid). | and Parks. 
Zubow -. eS {13} ‘ +. 0 
Richards and [15} 

Barry. | 
Roth and Von | | {16)} 
Auwers. | | 
Moore, Renquist, [14] 
and Parks. | 
|\ Huffman... __- [17] | 
Zubow -_ {13] 
Moore, Renquist, [14] 
and Parks. 


' 
| +. 43 





Cyclohexane (liquid) 


Methylcyclohexane 
(liquid). 








* Insofar as significant, the previous value was converted to the present unit 
of energy antl atomic weight. A nm ive sign in this column indicates that 
the earlier value is less than that of the present report; a positive sign, higher. 

>» The uncertainties have been assigned by the present authors where esti- 
mates of the uncertainties were not given by the previous authors. 
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If. Increment per CH, Group for Several Homologous 
Series of Hydrocarbons 


Figure 1 gives a plot of the deviations from 
linearity with number of carbon atoms in the 
normal alkyl radical of the values of the heats of 
formation of several homologous series of hydro- 
carbons, expressed as the value of 6 in the following 
relation: 


AH fges-15 (gas, Y — (CH,) ,—H] 
A’+Bm-+-é kcal/mole. 


Here (CH;),,—H is a normal alkyl radical (methyl, 
ethyl, normal propyl, normal butyl, etc.) attached 
to any end group Y (methyl, vinyl, phenyl, cyclo- 
pentyl, cyclohexyl); A’ is a constant peculiar to 
the end group, Y; B is a constant for all normal 
alkyl series, independent of Y; and 3 is a term 
which has a small finite value for the lower mem- 


bers, being largest for m=0, and becomes zero {y 
the higher members, beginning near m=4. 

The new data yield more accurate values of tl, 
deviations for the paraffin and monoolefin serig 
than those previously reported [7, 11], and give, fy 
the first time, values of the deviations for th 
alkylbenzenes, alkylcyclopentanes, and alkylcyck. 
hexanes. The new data also disclose for the firs 
time a small, but significant, alternation in magni 
tude of the deviations with even or odd numbers ¢ 
carbon atoms in normal alkyl radical. This effec: 
is particularly noticeable in going from m=! 
through m=2 to m=3. Although the unce 
tainties are relatively large, this alternation » 
believed to be definitely established because ead 
of the five series exhibits the effect. 





PHENYL - (CHg)m-H 


VINYL ~(CHs)m-H 


. CYCLOPENT YL ~(CHe)m-H, 
CYCLOHEXYL ~(CHe )m-H 


i | | 


Es 








A in kcal/mole 


s 


METHYL ~(CHe )m-H 


SSS SE EE 


| 








a 
6 


+ 


Ficure 1.— Plot of the deviations from linearity with number of carbon atoms, m, in the normal alkyl radical of the heats of formatiot 
of the lower members of several homologous series of hydrocarbons, expressed as the value of 3 in the following relation: 


AHfgq 4 [e98, Y—(CHs)=—H ] =4’+Bm+s kcal/mole. 
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spe 4.—Values of the deviations from linearity with number of carbon atoms, m, in the normal alkyl radical of the heats of 
formation of the lower members of several homologous series of hydrocarbons 








Values of A’, B, and 8 in the equation for the heat of formation in the gaseous state at 25° C 


SH? = A’+Bm-+8, kcal/mole 





Structure 


8, in kcal/mole 





m=2 m=3 





mal paraffins......... Methyl! —(CHs)={—H_..- 

sonoolefins (1-alkene).....| Vinyl—(CH:).—H 

oma! alk yIbenzenes Phenyl—(C Hy)«a—H...-. 

ormal alkyleyclopentanes| Cyclopentyl—(CH;:)2—H 

rmal alkyleyclohexanes .| Cyclohexyl—(CH2)=—H 
| 








Table 4 gives, for each of the five series, the 
jumerical values of the constants A’ and B and of 
he term 6 in equation 5, for the lower members of 
he series. The uncertainty assigned to the value 
{6 in each case includes the uncertainty asso- 
iated with the extrapolation of the linear part of 
elations, equation 5, to lower values of m. 

The values of 6 in equation 5, for m=0, are 
haracteristic of the end group in each series, and 
an be seen to vary regularly with changes in the 
bumber of hydrogen atoms and number and kind 
f carbon atoms bonded to the main or attaching 
arbon atom of the end group. The values of 6 
lor m=0 for several end groups (including ethyl, 

propyl, tert-butyl, isopropenyl, and ethynyl, in 
ddition to those given in table 4 and fig. 1) are 
hown in table 5 in relation to the number of 
arbon-hydrogen bonds and the number and kind 
pf carbon-carbon bonds associated with the main 
br attaching carbon atom of the end group, not 
ncluding the attaching bond. The value of 6 for 
n=0 for an ethyl end group was obtained by not- 

g that this is the same as the value of 6 for m=1 
ora methyl end group. The value of 6 for m=0 
or an isopropyl end group was calculated from the 
alues previously reported [1] for propane, 2- 
nethylpropane, 2-methylbutane, 2-methylpen- 
ane, 2-methylhexane, and 2-methylheptane. The 
alue 6 for m=O for a tertiary butyl end group 
as calculated from the values of heats of forma- 


Heats of Formation and Combustion 


—2.55 +0. 37 +0. 30 +0. 28 
+2.76 +0. 37 +. 04 +0. 48 
+3. 42 +0. 38 +.24 +0. 30) 
+2.05 +0. 40 —.10 40.37) . . -00 +0. 39 
+1. 82 +0. 41 —.18 +0. 37 























tion previously reported [i] for isobutane, 2,2- 
dimethylpropane, 2,2-dimethylbutane, 2,2-di- 
methylpentane, and 2,2-dimethylhexane. The 
value of 6 for m=0 for an isopropenyl end group 
was calculated from the values of heats of forma- 
tion previously reported [8] for propene, 2-me- 
thylpropene, 2-methyl-1-butene, and 2-methyl-1- 
pentene. The value of 5 for m=0 for an ethynyl 
end group was obtained from unpublished values 
for the heats of formation of the normal acetylenes 
(1-alkynes) [12]. 


TaBLE 5.—Relation between the value of the deviation from 
linearity for m=0 and the number and kind of bonds 
associated with the main or attaching carbon atom of the 
end group 








Bonds associated with the main or attach- 
ing carbon atom of the pren end group 
(not including the attaching bond) 
Value of 8 
for m=0 





| C=C 


| C= 


| c~c| 
p| one. | Cc 
| Gores |(phenyD} (olefin) 


| (acet 
| ylene) 


Ethyl _. 
Cyclohexy]l.-... 
Cyclopentyl 
Isopropyl] 


tert-Butyl.. 
Vinyl 

Pheny! 
Isopropeny) . - 
Ethynyl 








IV. References 


{1} E. J. Prosen and F. D. Rossini, J. Research NBS 34, 
263 (1945) RP1642. 

{2} R. 8. Jessup, J. Research NBS 18, 115 (1937) RP966. 

[3] E. J. Prosen and F. D. Rossini, J. Research NBS 33, 
255 (1944) RP1607. 

[4] N.S. Osborne and D. C. Ginnings, National Bureau of 
Standards. Unpublished. 

[5] D. D. Wagman, W. J. Taylor, J. M. Pignocco, end 
F. D. National Bureau of Standards. 
Unpublished. 

[6] American Petroleum Institute Research Project 44 at 
the National Bureau of Standards. Selected Values 
of Properties of Hydrocarbons. Tables 1q, 2q, 3q. 
Standard Heat, Entropy, and Free Energy of Va- 
porization. (May 31, 1944). 

*. D. Rossini, J. Research NBS 13, 21 (1934) RP692. 

E. J. Prosen and F. D. Rossini, J. Research NBS 36, 
(1946) RP1702. 

Ee. J. Prosen, W. H. Johnson, and F. D. Rossini, J. 
Research NBS 36, 455 (1946) RP1714. 


tossini, 


(10) W. H. Johnson, E. J. Prosen, and F. D. Rossinj | 
Research NBS 36, 463 (1946) RP1715. 

{11] F. D. Rossini and J. W. Knowlton, J. Research Np; 
19, 339 (1937) RP1028. 

[12] E. J. Prosen and F. D. Rossini. 
Standards. Unpublished. 

[13] P. W. Zubow, J. Russ. Phys.-Chem. Soc. 30, 9% 
(1898) ; 33, 708 (1901); 35, 815 (1903) ; See also, j 
Swietostowski, J. Am. Chem. Soc. 42, 1092 (1929 

[14] G. E. Moore, M. L. Renquist, and G. 8. Parks, J. An 
Chem. Soc. 62, 1505 (1940). 

(15) T. W. Richards and F. Barry, J. Am. Chem. Soc. 3}, 
993 (1915). 

[16] W. A. Roth and K, von"Auwers, Liebigs Ann. Cher 
407, 145 (1915). 

[17] H. M. Huffman, Private communication (1943 


National Bureay » 


Wasainoton, February 19, 1946. 





lemer 
harak 


, §, Department of Commerce Research Paper BP 1729 
ational Bureau of Standards Volume 37, July 1946 


ssini, | 


‘ 


Part of Journal of Research of the National Bureau of Standards 





ch NB 


also, Vi 
(192 


“Preliminary Description and Analysis of the First 
Spectrum of Uranium 


Soe. 3, 


By C. C. Kiess, Curtis J. Humphreys, and Donald D. Laun 


Observations of the spectra emitted by uranium under are and spark excitation have 
afforded a separation of the lines of neutral atoms from those emitted by ions. A list of 
more than 9,000 lines with accurate wavelengths, wave numbers, and estimated intensities, 
for the region 2900 A to 11000 A, has been compiled as descriptive of the spectrum of the 
neutral atom. About 2,000 of these lines have been classified as combinations between 18 
low and metastable odd energy levels with about 280 high even levels. Well-resolved Zeeman 
patterns give g-values for several low levels that identify them as components of §L, *K, 7M, 
and ’K terms arising in the electron configurations f*ds? and f*d*s. The spectrum of uranium 
is interpreted as that of a rare-earth element analogous to neodymium, uranium being the 
third member of a second group of rare earths beginning with thorium. From the fact that 
uranium is easily ionized in electric arcs and magnetic fields, and also that the short-wave 
limit of the observed spectrum does not extend below 2900 A, it is concluded that the 
ionization potential of neutral uranium atoms is approximately 4 volts. 


I. Introduction 


In the more than 30 years that have elapsed chen Bogen und Funken ist ausserordentlich 
ince the appearance, in 1912, of volume 6 of — gering, wenn iiberhaupt vorhanden;....” In 
Kayser’s “Handbuch der Spectroscopie”, only 1916 Meissner [2] published a list of 17 infrared 
few additions have been made to our knowledge uranium lines, and in 1920 Kiess and Meggers [3] 
pf the spectra emitted by uranium atoms. At that published a list of more than 700 lines in the range 
ime Professor Kayser’s [1]! description of the 
ranium spectrum was expressed in the words: 
Es gehért zu den linienreichsten Spectren der 
emente, gleichzeitig zu den am _ wenigsten 


harakteristischen. ... Der Unterschied zwis- II 
II. 
IV. 





Contents 


Figures in brackets indicate the literature references at the end of this 
Bper 
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from 5500 A, in the visible spectrum, to beyond 
9500 A, in the infrared. But these extensions of the 
spectrum, and the improvements in wavelengths 
and intensities reported for uranium lines in the 
MIT Wavelength Tables [4], did not much alter 
Kayser’s appraisal, as stated above. 

In order to set up a system of energy levels for 
neutral and ionized uranium atoms, it is desirable 
to have a complete description of the spectrum 
emitted by each species of atom. Such a descrip- 
tion includes not only precise wavelengths and 
well-estimated intensities for the lines, but also 
other characteristics, such as reversibility, diffuse- 
ness, Zeeman effect, etc. All the published de- 
scriptions of uranium spectra agree in reporting a 
continuous background on which the line spectra 
are superimposed. The effect of this continuum, 
in which the fainter and diffuse lines are com- 
pletely lost, is to attenuate the intensity differences 
between the measurable lines. Despite this un- 
favorable circumstance, however, an enormous 
number of lines, in excess of 5,000, have been 


cataloged for uranium for both are and spark q 
citation. No other significant descriptive dy 
appear to have been published. The pressy 
shifts measured by W. J. Humphreys [5], and th 
reversals observed by McLennan, Cohen, » 
Liggett [6], apparently refer to lines emitted ) 
other than uranium atoms. 

Late in 1942 the Spectroscopy Section of tj 
National Bureau of Standards was requested ; 
undertake an investigation of the uranium spec 
and to determine, if possible, the system of eney 
levels responsible for their production. Availaby 
for the investigation were several spectrograph 
and such auxiliary equipment as interferometer 
electromagnet, underwater spark, etc. High) 
purified uranium metal was also available for uw 
as electrode material. Accordingly, a program ¢ 
work was mapped out to observe the spectra 
emitted by arcs and condensed spark discharge 
in air at normal and at reduced pressures, and }y 
discharges in hollow cathodes, in underwat 
sparks, and in magnetic fields. 


II. Experimental Procedure 


Five spectrographs in all were employed in 
making the Bureau of Standards observations. 
For the region between 2100 A and 2800 A, in the 
ultraviolet, a large quartz-prism spectrograph by 
Hilger was used. The dispersion of this instru- 
ment, described elsewhere [7], varies from 0.4 to 
1.0 A per millimeter in the region for which it was 
used. A spectrograph in which the dispersive 
piece was a grating, ruled 30,000 lines per inch by 
R. W. Wood [8], was used in the first order to 
record the spectra from 2000 A to 3000 A, in the 
ultraviolet, and from 4200 A to 8500 A in the 
visible and infrared, with a dispersion of approxi- 
mately 2 A per millimeter. In the second order, 
dispersion of 1 A per millimeter, it was used to 
record the spectra between 2600 A and 4300 A. 
A second grating with 15,000 lines per inch, also 
ruled by Wood, was used in the first order for 
recording the red and infrared portions of the 
spectra between 7000 A and 10000 A, the disper- 
sion being 5 A per millimeter. The grating ruled 
by J. A. Anderson with 7,500 lines per inch was 
used to photograph the region from 9000 A to 
beyond 11000 A, in the first order. These three 
gratings are concave gratings of approximately 
21-foot radius of curvature and are mounted in 


parallel light, according to the method of Wak 
worth, as described by Meggers and Burns [9]. | 
fourth concave grating, ruled by Wood with 15, 
lines per inch, and set up in an Eagle mountig 
was used in the fourth order for the region 4100 4 
to 5000 A, the dispersion being 1.2 A per mill: 
meter. 

The electrodes used in the arcs and sparks wer 
rods of uranium metal of highest purity. Th 
arcs were operated on currents of 5 to 7 amper 
supplied by a 220-volt circuit. The condense 
sparks were obtained from condensers that wer 
charged from the 50,000-volt side of an inductia 
coil whose primary carried a current of 10 am 
peres from a 110-volt a-c circuit. Each com 
denser unit was rated at 0.002 microfarad, so thi 
when three or five were connected in parallel th 
capacitance of the discharge circuit was 0.006 « 
0.010 microfarad. No self-inductance was use 
in this circuit. 

The first observations made with arcs an 
sparks in air revealed the dark background © 
ported by the earlier investigators. This back 
ground was found to emanate not only from tl 
white-hot tips of the electrodes but also, and i 
greater intensity, from the incandescent particle 
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f uranium oxide that are formed in the outer 
nvelopes surrounding the excited atoms. Various 
evices were tried to minimize, if not eliminate, 
he background effect. None was entirely suc- 
essful, but satisfactory results were obtained 
‘ther with the source shielded so that light from 
nly a narrow zone between the electrodes could 
sass to the slit of the spectrograph, or with the 
yurce in a partially evacuated enclosure. The 
procedure finally adopted in making the spectro- 
rams was to expose the photographic plates in 
wecession to the shielded, or enclosed, uranium 
re, to the uranium spark in air, to a similar spark 
pnclosed in air at reduced pressure, and to the 
ron are in air for the reference standards. The 
lifferent exposures were recorded so that each 
pxposure to a uranium source stood in juxtaposi- 
ion to an iron exposure. 
Inspection of the spectrograms showed that 
he number of lines recorded on them for any 
egion was at least twice as great as hitherto re- 
rted. Yet the fact that arc and spark spectra 
ere adjacent to each other on the plates made it 
possible to separate them according to the stage of 
jonization of their emitters on the basis of esti- 
mated intensities alone. Nevertheless, it was 
Jeemed desirable to carry out experiments on the 
reversal of the spectrum to single out the lines 
haracteristic of neutral atoms and those most 
ikely to originate in their lowest energy states. 
For this phase of the investigation the underwater 
spark was adopted, as described by Meggers and 
Laporte [10]. Although the continuum from the 
source, a condensed spark discharge between 
uranium electrodes submerged in flowing distilled 
water, was recorded on the spectrograms from the 
ultraviolet to the near infrared, yet no absorptions 
attributable to uranium atoms were observed. 
Instead, a few of the stronger emission lines of 
singly ionized uranium atoms appeared, super- 
imposed on the continuous background. 
The Zeeman-effect observations were made with 
a large, water-cooled Weiss magnet, equipped with 


both iron and ferro-cobalt pole pieces. With 
currents of 160 amperes applied to the coils, 
fields ranging in strength from 28,000 to 35,000 
oersteds were obtained for pole gaps between 8 
and 5 millimeters. In the earlier observations 
the source was a condensed spark discharge be- 
tween electrodes cut from wire about a millimeter 
in diameter and accurately centered in the pole 
gap of the magnet. This source favored the 
excitation of lines from uranium ions rather than 
those from neutral atoms and was replaced by 
an a-c arc in which a current of 1 ampere was 
carried under an electromotive force of 2,200 
volts. Subsequently, this source was replaced by 
a Back [11] lamp in which an interrupted arc was 
operated on 1 ampere at 220 volts, the air pressure 
within the are enclosure being reduced to one- 
eighth or one-tenth atmosphere. This source 
proved to be the best for excitation of lines of 
the neutral atom and was used in a series of 
observations covering the range from 3000 A 
to beyond 9000 A. In order to calibrate the 
fields, exposures were also made with electrodes 
of copper, silver, magnesium, and other elements, 
to secure resolved magnetic patterns of known 
separations. 

Between the pole gap of the magnet and the 
condensing lens of the spectrograph was placed 
a large quartz Wollaston prism, which separated 
the two polarizations in the Zeeman pattern 
vertically on the spectrograph slit. Owing to 
the stigmatic properties of a grating mounted in 
parallel light, it was thus possible to photograph 
simultaneously the two polarizations. Between 
them an occulting bar over the slit reserved an 
unexposed strip on the photographic plates for 
recording the spectrum without the magnetic 
field. The no-field exposures served effectively 
to mark the centers of the magnetic patterns, a 
desideratum of utmost importance in a complex 
spectrum where overlapping of the components 
in the patterns of close lines is of frequent 
occurrence. 


Ill. Results 


The spectrograms from which were derived the 
results presented below were measured and reduced 
according to well-known procedures. All the 
wavelength measurements are referred to iron 
lines adopted as international secondary standards 
or for which wavelengths determined by inter- 
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ference measurements are available. The wave- 
lengths adopted for the uranium lines are the 
means of two or more determinations from meas- 
urements on separate spectrograms. The inten- 
sities assigned to the lines are estimates on an 
expanded scale ranging from 0 or 1 for the faintest 
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lines measured to 500 or more for the strongest. 
Most of the lines are sharp, with no tendency to- 
ward diffuseness nor any indication of self-reversal. 

In the final tabulation of the results of the meas- 
urements a list has been compiled of more than 
9,000 wavelengths that are believed to be char- 
acteristic of the spectrum emitted by neutral 
uranium atoms. The list covers the range 
2900 A in the ultraviolet to 11000 A in the infrared, 
the basis of selection for the lines being their rela- 
tive intensities in the spectra of arc and spark. 
That this method of selection presented no great 
difficulty may be seen in figure 1, which shows a 
portion of the violet region. For some lines, how- 
ever, the ionic origin is definitely established by 
the number of p-components that they exhibit in 
well-resolved Zeeman patterns. For U1, which is 
built up on levels of odd multiplicity, this number 
is odd, whereas for U 11 it is even. 

The Zeeman effects observed for most of the 
lines are either triplets or unresolved patterns. 
However, well-resolved patterns were recorded for 
a small number of lines. It was these that gave 
the clue to the analysis of the spectrum by telling 
uniquely the inner quantum numbers and g-values 
of the levels involved in the production of the lines. 
But to interpret these g-values and inner quantum 
numbers, it was first necessary to extend existing 
tables of theoretical Zeeman effects to cover terms 
of higher Z-value. In table 1 are given a few 
lines with their Zeeman patterns, of which some are 
illustrated in figure 2 

TABLE 1.—Zeeman effects of some U1 lines 








Wave- | 


length Observed Zeeman effect 





8381. 86 

' 
8223. 08 | 
7101. 61 | 


6820. 76 (0.00, 0.23, 0.47, Yr 


(0.00, 0.26, 0.53, 0.80, — 1.30) . . 
1:71, 2.01, 2.2 
04) . 


(0.00, 0.20, 0.40, 0.60, 0.81, 1. ‘ 
0. '00, 0. 20, 0.41 
(0.00, .012, 0.23, 0.34) . . . 0.80, 0.9 


0.97, 1.17) . 
38, 1.63, 1,87, 212 
(0.00, 0.15, 0.32, 0. 48, 0.63, 0.81, 0.94) . 
1.55, 1.74, 1.86 
(0.00, 0.33, 0.68, 1.04, — 1.69, 2.06) . 
00, 2.32, a 3.01 
(0.00. 0.15, 0.29, 0.45, 0.58, 0.73) . 
1.18, 1.34, 1.50, 1.64 


6395. 42 | 
5997. 31 
5971. 50 





With the key to the structure of the spectrum 
thus in hand, a search through the tabulated wave 
numbers of the lines brought to light numerous 
recurring constant differences, of which some 
proved to be significant. Although laborious, 
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this method of search proved fruitful in leading; 
the groups of odd and even energy levels presen; 

in tables 2 and 3. The odd levels have been , 
signed their designations on the basis of g-vah 
derived from the resolved Zeeman-effect obser 
tions. Such terms can arise only from elect: 
configurations containing f-electrons. There 

various possible groupings of the six uranj 
valence electrons into such configurations, but 4 
M term can arise only in the configuration 
Inasmuch as the low °L and °K terms are of | 
same parity as "M and are unaccompanied 

corresponding terms of the septet system, it 
necessary to conclude that they owe their origin, 
the configuration /*ds? rather than to some oi! 
configuration. 


Tasie 2.—Low odd levels of U1 








| Electron p-values 
configura- Term symbol Term value |—-—— | —_——. 


tion Ls 


| 

| 

| | Observed 
= 

| 


0.714| 0.7% 
| 667 73 


fide | 0.0 | 
f'de | K 
3800. 


3868 
4275. 
4453. 
5762. 
5991. 
6249. 
| 7005. 


8 


OHAGRAMOASWOR RDS: 


. 66 
82 
86 
62 

97 





| 
| 
| frds? 905 98 


7103. 
7326. 
| 7645. 
| g118 
| 10347 
| 10685 
| 11545. 
13127. 


This conclusion is further supported by the s 
terpretation of the spectrum Th 1 due to sing 
ionized thorium atoms. This spectrum has b 
analyzed independently by two groups of 3 
vestigators [12], who are in agreement in find 
that although the lowest energy states belong‘ 
the ds’, d’s, and d@* configurations, yet an ens 
getically prominent set of low states is also preset 
due to the configurations fs? and fds. In passi 
from thorium to uranium, we might expect, 
the assumption that the binding of f-type electro 
is preferred, the configuration fds to give 
lowest states of the ion, and f*ds* and f*d’s the lowe 
and metastable states of the neutral uranium atom 


1 In a paper just received here (Physica 11, 419; 1946) Schaurmans in rep" 
ing the lowest levels of U m assigns them to the configurations /*#, ee Le 
f'di. The lowest level of U m belongs to the ‘I° term of the /*s* configu 
from which the *L° term of U 1 is derived by adding to it a d electron 
the configuration /ds?. Schuurman’s report also confirms the lev els ' 
‘K], and 'Mj and their electron configurations as given in table 2 a! 
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The configuration f*ds* yields 158 terms, com- TaBLE 3.—Bven levels of Ur—Continued 


ising 386 energy levels distributed among the === : = | — 
intet, triplet, and singlet systems. The f*d’s Termsymbol| § Term value | Term symbol | Term value 
figuration gives rise to 1,122 terms, with a 313 e198 17. senile 
tal of 3,256 levels belonging to the septet, 316, | 31633. 182, 18253 9 
intet, triplet, and singlet systems. On excita- oo ar oo eres 3 
»n of the atom, these configurations change into 122, 12227. 202, 20218 8 
ps, fps’, and f'@p, depending on which electron 134, seen 
shifted from the low-energy configurations. 15720. 
sch of these excited states yields an enormous Fp 
mber of levels, of even parity, of which more 18406. 
n 275 have now been found. It is obvious sees 
y the observed spectrum is so complex. 19471. 
The even levels of table 3, in combination with Jems 
e odd levels of table 2, account for most of the 20311. 
onger lines of the spectrum, as recorded in oceans 
ble 4. For only a small number of the levels 20851. 
ve g-values been found, but their inner quantum pent 
mbers can be uniquely determined from their 21637. 
mbinatory properties. The present state of the oar 
balysis does not permit assignment of the even 23325. 
els to their proper electron configurations. In on 
ble 3 the symbol for the even levels is made up 23932. 
the first three figures of the level value, fol- osnei 
ved by the inner quantum number as a sub- 24535. 
This follows the scheme adopted by 24906. 


25017. 
25178. 


25255. 
TaBLe 3.—Even levels of Ut 25319. 
25805. 
26305. 
Term value 26566. 














Re OWS ANONN CONONW GAEWUOwD FNwO~2 BDONnwow 
CONF NOORF- 


AINnNaD 








COomnN., 
DO Ore 


erm symbol Term value || Term symbol 





| 
17968. 7 || 210, 21062. 3 26920. 
18530. 8 || 215, 21545. 1 27381. 
19668. 4 || 220, 22038. 0 7 7682. 
20391. 5 || 223, 22365. 0 27778. 
21940. 6 || 224, 22383. 4 . 27791. 





monsisy 
CMT 


22774. 1 || 225, 22584. 5 28188. 
23464. 1 || 231, 23186. 9 28444. 
25160. 7 || 234, 23430. 1 28503. 
26855. 4 || 235, 23560. 6 28562. 
29413. 7 || 238, 23825. 4 28650. 





wNoYK on 


29430. 3 || 24757. 2 if 29232. 
29644. 6 24940. 5 30143. 
30222. 4 25224. 1 30936. 
34065. 4 || 25653. 3 30993. 
16121. 9 26516. 8 31129. 


28860. 
28874. 
29033. 
29109. 
29126. 


Aca am WSn occ 


—-Daoaoce 


17468. 2 || 27184. 1 31339. 
17893. 8 28430. 5 : 31467. 
18186. 0 || 28454. 0 : 31488. 
18526. 9 || : 28543. 4 ; 31744. 
19127. 2 || 29250. 5 31946. 


29400. 
29558. 
29865. 
29986. 
30294. 


CNNAS 


30335. 
30451. 
30490. 
30500. 
30586. 


19192. 4 || 29719. 9 32317. 
19552. 5 || 30303. 7 14643. 
19740. 7 || 30499. 1 15638. 
20148. 0 || 30979. 7 16505. 
20569. 2 31221. 3 17070. 
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TaBLe 3.—Even levels of U1—Continued 








Term symbol | 


Term value 





306, 
307. 
308, 
3ll¢ 
31 5s 


324, 
3256 
334, 
3365 
156; 


169, 
197; 
198; 
204, 
207; 


223, 
226, 
229, 
230, 
231, 


2357 
237; 
2387 
240, 
241, 


2437 
2457 
256 
261, 
262, 


2637 
266, 
2737 
278; 
2797 


280, 
281, 
282, 
2837 
284, 


2857 
287, 
288, 
291, 
297; 








30636. 
30875. 
30894. 
31135. 
31551. 


32490. 
32495. 
33412. 
33639. 
15631. 


16900. 
19826. 
19885. 
20464. 
20766. 


22368. 
22633. 
22918. 
23057. 
23197. 


23543. 
23779. 
23848. 
24066. 
24185. 


24333. 
24560. 
25672. 
26208. 
26274. 


26391. 
26608. 
27324. 
27887. 
27965. 


28048. 
28118. 
28152. 
28285. 
28451. 


28566. 
28798. 
28895. 
29107. 
29790. 


29797. 
29837. 
29958. 
30279. 
30642. 


31024. 
31166. 
31276. 


31301. 


On one. ook Te 


DOonwu 


Vouos 


CSQNw-12 


| | 
Term symbol Term value 


count OO ore 


OO ~300 to 


AIK oor 








|| 318; 
|| 319, 


320, 
321, 
326, 


| 327; 





31968. 1 
31974. 
32016. 
32098. 
32641. 


32774. 
33570. 
34059. 
19489. 
20528. 


22383. 
22789. 
23110. 
23926. 
24451. 


24581. 
25388. 
25789. 
25918. 
26192. 


26313. 
26454. 
26492. 
26597. 
26979. 


26989. 
27086. 
27150. 
27477. 
27818. 


28993. 
29037. 
29413. 
29612. 
30027. 


30737. 
30986. 
31279. 
31445. 
31923. 


32477. 
34105. 
23843. 
24517. 
25626. 


27969. 
29339. 
29550. 
31270. 
32108. 4 





TaB_e 4.—Classified lines of U1 
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8781. 
8951. 
9389. 
9471. 
9744. 


9924. 
10064. 


10080 . 8§ 


10130. 
10181. 


10356. 
10364. 


10368 . 4! 


10419. 
10640. 


10651 .é 


10715. 
10743. 





10798 . 


10927. 


10938. 
10993. 
11112. 
11167. 
11248. 


11323. 
11370. 
11389. 
11420. 


11453. 2! 


11476.¢ 


11599. 
11613. 
11659. 





11664 .7 


11668. 


11682. 
11706. 
11766. 
11831. 


11837. 
11843. 
11902. 
11916. 
11927. 


11977. 
12021. 
12088. 
12100. 
12104. 


12131. 
12146. 
12157. 
12227. 
12230. 


12260. 
12285. 
12301. 
12410. 
12442. 
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8019 
g012 
7998 
7991 


7975 


7970 
7959 
7918 
7907 


7904. 


7900 
7895 
7881 
7868 


38 
96 
60 
30 
08 


Intensity 


46 | 


97 | 


79 
96 


28 | 


39 


99 | 


91 


73 | 


89 


29 
13 


S4 


7759.88 


18 


18 | 


79 


2.92 
3.22 
7425.50 
98 


95 
58 


7.86 


28 


5.42 


2.09 
7164.87 


7109 
7101 
7090. 
7074 
7033 


87 
05 
89 


13 


.61 
10 | 
.78 


84 





Pveccm=t 


Term combination 


AsirA 


Intensity 


Pvecctmn=! 


Term combination 





20 | 
20 | 
20 | 
40 | 


40 


100 


20 | 


50 
30 


40 

15 
400 
100 


20 


40 | 


500 
50 


30 | 


30 
10 
80 


20 | 


20 





12466. 
12476. 
12498. 
12510. 
12535. 


12542. 
12559. 
12624. 
12642. 
12647. 


12654. 
12661. 
12683. 
12705 . 0£ 
12777. 


12790. 
12843. 
12880. 
12883. 
12892. 


12902. 
12941. 
12997. 
13064. 
13086. 


13094. 
13099. 
13120. 
13138. 
13157. 


13162.8 
13170. 
13196. 
13201. 
13202. 


13213. 
13241. 


13269 


13326. 


13364 


13430 


13431. 
13440. 


13463 
13515 


13561 
13617 
13831 
13865 
13874 


13939 
13953 
13986 
14021 
14023 


14062. 


14077 
14100 


14130. 


14213 
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41 
.33 
.21 
.3l 
55 


.28 
.63 


an 
15 
34 
.28 
57 


55 
.44 
.28 
83 
.08 





"K3— 194; 
51; — 169; 
Aj— 256, 

™M3— 187, 

Hi — 185, 


Ci— 206, 
B3— 198, 
5K3— 169, 
*K3— 196; 
C3 — 2077 


5K3 7 
Ag— 257s 
7M3— 189; 
A3— 1655 
TK3— 197, 


Ag— 259s 
5K3— 134, 
7Kg— 198, 

A3— 205s 

B3— 202, 


Aj—244; 
5H3— 189; 
TK3—187¢ 

Aj— 261s 
5K3—173¢ 


B3— 204, 
Ai— 207; 
B3— 204, 

33— 238, 


Bg— 238; 
™K3— 1895 
D3— 2357 
5H3— 192, 
B3— 205s 


™K3— 202, 
38 — 2395 
A?—170, 
Aj — 2645 
Ag — 265s 


™K3— 192, 
13 — 237; 
B3— 207; 
‘Lg— 134, 
51;—179; 


5H3— 195, 
B3— 209, 
Bg— 245, 

7™Mg—201,; 
Bg— 2457 


B?— 212, 
513— 184; 
D3— 243, 
TK3—197, 
5K3— 146, 


™Mg—203; 
sI3— 1853 
A3— 1793 
5K3— 184; 
D3— 245, 


7015. 
6955. 
6942. 
6922. 
6917. 


6915. 
6902. 
6887. 
6857. 
6846. 


6832. 
6830 . 84 
6826. 
6820. 
6818. 


6812. 
6810. 
6805. 
6799.4: 
6790. 


6783. 
6782.85 
6780. 
6772.7 
6754. 9% 
6751. 
6741. 
6738. 


6727 


6692. 


6691. 
6683. 
6670. 
6668. 


6662 . 5¢ 


6657. 
6656. 
6656. 
6646 . 0: 
6642.35 


6633. 
6630. 
6629. 
6625. 
6621. 


6620. 
6619. 
6603 . ¢ 


6601 


6585. 
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15 
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14249. 
14372. 
14400. 
14441. 
14453. 


14456. 
14483 .£ 
14514. 5! 
14579. 
14602 .5 


14631. 
14635. 
14643. 
14657. 
14662 . 3§ 


14673 .8: 
14680. 
14690. 5% 
14703. 
14722.8: 


14737 .5 


14739 


14743. 8: 


14761 


14799. 


14807. 
14829. 
14836. 7: 
14859. 
14939. 


14940. 
14958 .< 
14987. 
14992. 
15005. 


15016. 
15018. 08 
15018. 
15042. 
15050. 


15071. 
15078. ¢ 
15080. 
15089. 
15099. 


15100. 
15103. 
15138. 
15144. 
15181. 


15196. 
15215.0! 
15256. ! 
15258. 
15261. 


15272. 
15279. 3: 
15287. 
15307. 
15316. 








C3— 223, 
™3— 206; 
5H3— 203; 

B3— 215, 

A#— 182, 


TK; — 202, 
5K3— 187, 

C3— 226; 
TKZ— 215s 
™M3— 208; 


TK§— 2165 
C3— 227, 
5L3— 146, 
5Kg— 189; 
Aj-— 185; 


sT;—191, 
Aj— 262, 
Ag— 278, 
Bg— 253s 
Aj— 223, 


Aj— 223, 
5I3;— 192, 
C#— 228, 
™Kg—217, 


C3— 229, 


™K3— 205, 
™M3— 210; 
Bg— 219, 
7K3— 206; 
C3— 230, 


Bg— 256, 
A3— 187, 
Aj — 226, 
C#— 231, 
Ag— 265. 


7Mg—212, 
5K3— 1565 
51; — 194; 
B3— 223; 
™Kg— 220, 


5Hj— 210, 
C3— 231, 
™Mg—213; 
7K: — 208; 


51; —195, 


5K3—157s 
Bg — 2573 
B:— 224, 
Aj— 227; 
7K — 209, 


5Kg— 194, 
5T3;— 196, 
B3— 225, 
A3—191, 
B;— 223, 


Ai-— 229, 
B3— 224, 
51;—197, 
B;— 226, 
"K;—210, 


63 





TABLE 4.—Classified lines of U1—Continued TaBLe 4.—Classified lines of U1—Continued 








Intensity | = Term combination AewA Intensity Pveccm™! Tern combing 








80 5. ™Mi—215¢ 6166.80 16211. | Aj- 
6 : 5H3— 213, 6165.35 | 2 16215. Ci~% 

30 i 5Kj— 196, 6164.50 16217. By- 
8 22 7Kj— 223, 6153.66 | 16246. B;- 

4 . Aj— 269; 6152. 16249. D} 


12 ‘ 7M3— 216, 6147. 16261. 1 
Aj— 230, 6142. 16276. 
C3— 235; 6140. 16281. 
B3— 227, 6138. 16285. 
C3#— 235s 6135. 16293. 


1K3—224, 6129. 16309. 
B3— 227; 6127. 16314. 
Ds— 258, 6120. 16333. 
’Kj—161, 6110. j 16360. 
"K3—212, 6107. 16368. 


™M3—217, 6101. 16384. 
™Mj—2185 16385. 
*Ki— 197; 16389. 
SHj— 215, . 16392. 

By— 229, 16418. 


C3— 237. . 16420 
5Ks— 198; ; 16422. 4! 
7K3— 226, ; 16441. 
5Lg— 156, 16450. 1! 
5Lg— 156. ; 16456. 


sHj— 216; . 16490. 
‘1;—201, 57. 16505. 
Bj—227; 56. 16505. 
Aj—195, 50. 67 16522. 
A3— 194, 16523. 


*I;—201, ' 16552. 
5Lg— 1575 9. 16608 . 
B3— 230, ‘ 16613. 
1K3—227. | | 16615. 
A3— 196, 86 | 16631 . 95 


7Mg— 220, 91 | 16642. 
C}— 239, Al | 16663. 
"K3—2155 16667 . 
D3—261, 997 . 16669. 
Aj— 289, 10 | | 16700. 


A3— 197, 87 | | 16709. 

°K}— 165¢ 5978. 16721. 
C— 240, 32 | | 16728. 
*Kj— 202, 16741.! 
C3— 240, ! | 16782 


"Kj—217, 66 16803. 
A$— 197; . 16806. 
*K3— 203, 16808. 
D3— 263; . 16822. 
"Ki— 230, ' 16847 . 


C}— 241, 16860. 
At— 198, 1687 1. 
— 264 ‘ 16900. 
51;— 205, 16929. 
™M3—223, / | 16947. 








a ‘ ao 
i- ‘ 17054. 
"K3—231; 5856 17070. 47 | 
At—238, | 17091.71 


7M3— 223, 62 | 16965. | 
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TABLE 4.—Classified lines of U 1—Continued TABLE 4.—Classified lines of U 1—Continued 








Intensity Peecctn~! Term combination AetrA Intensity Peeccin=! Term combination 





80 17130. D3— 274, 5545. 18026. 83 | Aj— 256; 
8 17 132. 67 | Bj—278s 5534. 50 | 18062 .76 Bs— 253 
10 17142. As— 209 5531. 18074.05 C3— 261s 
8 | 17180. "Kg — 241, 5527. ; 18084. 80 ™Mg— 243; 
8 17183. ‘3 —216, 5526. 30 | 18090.18 | C3— 261, 


25 17193. Aj—210, 5522. 5 | 18103.70 | D3— 284; 
20 17195. ‘Hj;—23l, 5517. 18120.25 | Bj— 252, 
60 17230. C3— 2534 5511. 18138. 5K3— 187. 
8 17234. B3— 2457 5507. 18151. Aj—312, 
6 17273. ‘Kj—178, 5502. 18169.! Aj— 220, 


8 17283. Bi— 279, 5501. | { 18170. TK§3 — 2395 
10 17287. 5K3— 1795 5500. 18174.! Aj— 297, 
100 17294. 7M3— 2351 5497 . 7! é 18184. 22 ™Mg— 244, 
30 17323. ™M§— 2356 5496.43 | 50 | 18188. 5Kg— 224, 
15 | 17333 5Hj— 2335 5494.5 2 18194. Ci— 263, 


15 17345. Bs— 2464 5487. j 18219 D3— 285; 
25 17361. 5K3—216, 5477. 5 18249. 7K3— 252, 
17361. 51.3—173¢ 5467. 18286. ™Mj— 2455 
17425. 7Kg— 231, 5459 E 18312. 5K3— 1895 
17427. "Kg — 244, 5458 . 88 18313 .6 TK3— 253, 


17438. 5Hj— 234, 5452. 18335 C3— 2645 
17441. SHj— 234; 5445. 18357. 5K3— 226, 
17442. 7Kg— 244; 5441. 18373. C3— 265s 
17487 .25 | 51; — 219 5431. 18406. 513— 184; 
17490. 5Kg—217¢ 5426. 18422. 7M3— 246, 


17495. 5Hj— 2355 5418. 18451.5 1D$— 287; 
17530. ™7Mg— 237; 5414. ; 18462.92 | Bs— 257s 
17539. D:— 278, 5410 18478. 5Kj— 227, 
17553. 8! C3— 256, 5406.8 18489. C3— 266, 
17554 .88 | 7Kg— 2457 5404. 18496.6 A3— 223, 


17565. ‘Ks— 181, 5401. 18506. 5K3—191, 
17569. SHj— 235, 5399.5 18514. Aj— 224, 
17584. 6 513; — 220, 5390. 18546 Aj— 261s 
5680. < 17599.61 | 7Mg— 238, 5389. 18549. Bj— 256, 
5674. 2: 17618. D$— 279; 5385. 18563. Ag— 261; 


5669.42 25 | 17633. 6Kj— 1825 5384. 50 | 18567 . A$—223, 
5658 f 17668. 39 | "K;—234, 5382. 18572. 5K3— 192, 
5646 17705. Aj—292, 5379. 18582. 34 | A$— 223, 
5645 17706. C}— 258% 5378. | 18586.78 | 1K3—228, 
5640 17724. 1K} —235s 5377 18592. Bi — 259%. 


5634. ; 17743. Aj— 253s 5375.7 18596. C3— 267. 
5625. 4: 17771. 49 | D3— 281, 5375.! 18597 . Az—301; 
5622 17780. 5K§— 2205, 5371.35 | 18612. B3— 2595 
5621. 17783 .89 | At—215¢ 5359 18653 .54 | Bg — 293, 
5620.78 17786. 21 | 5Ki— 184, 5356. 18663. 46 | A3— 224, 


5616 17798. *K§ — 235, 5355. 18666. 7Kg— 256, 
5616.5 17799. C3— 2595 5355. f 18667 . Ag — 263 
5614. 74 17805. D3— 282, 5354. 18671. TKg— 244, 
5613 17810. 7K§— 2356 5348. 18689.95 | D3— 2905 
5610 5 17817. ™M3— 240, 5341. 18716. Aj— 225, 


5591 : 17880.61 | Bj— 2857 5338. 18727.! By— 2945 
9584 . 6 17901. 7*Kg—2495 5336.! 18733. 51; — 231, 

577.46 3 17924. 34 | 51; — 223, 5329. 5 18759. 5Lg— 187, 
5573.5 50 | 17936. 7Mz—241, 5327. 18765. 8Hj— 247, 
5573 17938. 47 | D3— 283; 5324. 18777 . B3— 261, 


5572 f 17941. 5Hj— 2395 5322. 18781. 5K 4— 230, 
5568 17953. 1K}— 237, 5319. 18795. Ag—312s 
5564. 17967. Aj— 218, 5315. : 18808. Aj—264, 
5559.8 17981. Ai—256, 5308 .! 18832. As— 226, 
5546.97 : 18022. Bi— 253, 5304. 18846. Ag—265, 


st Spectrum of Uranium a 
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AairA Intensity | vveccm'! Term combination AairA Intensity vveccm™! Term combinatig 








5303 . Of 20 18851. 5K3— 1945 5142.72 | 10 19439. i.s | 
5300. ! 2 18860. C#— 2695 5142.40 | 60 19440.78 
5299 100 18864. Bij — 295» 5139.98 19449. | 
5297 . 5 18871. 51; —233; 5136.74 | 19462. 
5286 . 9: 60 18909. ™K3—2466 5134.19 19471.85 | 
| 
| 
| 


5283 . 5! 18921. 5‘K3—231, 5132.20 19479. 
5281. 15 18927 . Bj — 296s 5130.16 19487. 
5280.! 18932. 5K3— 1954 5429.34 | 19490. 
5280.3! 18932. 5Lg— 1895 5128.36 | 19493. 
5275. 8 18948. B}— 262; 5125.86 | 19503. 


5275.1 : 18951. Ai — 266s 5125.49 | 25 | 19504. § 
5274.68 18953. At— 227, 5119. 2! 19527. 
5272. 18962. Aj— 266, 5110. ‘ 19561. 
5270.6 18967 . C3—271s 5107. 19572. ¢ 
5267 . 30 | 18979. 513 — 234; 5106. : 19576. 


5267 . 5 18980.! A3—321, 5104. 19586. ¢ 
5265.38 5 18986. ™Mg— 2526 5101. 19595. 
5265 . 2! j 18987 .18 | B} — 263s 5101. 40 | 19598 .£ 
5264 .76 8 18988. A3— 227, 5097 . 5 | 19610. £ 
5259. 8 19006 .48 | ™M3—252; 5093. 19625 


5258.7 19010.73 | 513 — 234; 5088. 19647 .: 
5254.1: 19027 . 5K3— 1965 5086 . 8 5 | 19653. 1! 
5244. : 19061. A3— 2286 5084.5 19662. 
§242 . 3% . 19070. ™M3— 2535 5080. < 19675 
5234.16 ‘ 19099 .95 ™Mg— 253. 5076. 19691 . 2: 





5232.8 : 19104.88 | Bg— 297; 5076 5 19692. 
5232 19107. ‘1; — 235, 5074.7! 50 | 19699. 8: 
5231. 2 19111.43 | Bg — 2985 5063 50 | 19742. 66 
5229. 2! 19117 .69 | A$— 229, 5061.76 197 50. 4¢ 
5226. { 19127. B?— 264s 5061.! : 19751 


5221. 8 19144.82 | TK; — 2495 5061 . 0: ‘ 19753. 
5218.56 | : 19157 . 06 5Kj— 234; 5059. 2! 197 60.; 
5216.9: 19163. 5K3—197, 5057 . 15 19768 .35 
5215.18 | ‘ 19169. SHj— 251; 5056. 30 | 19771. 
5212 19178. TK 3 — 249, 5053 . 3: 0 | 19783. 


5210.4! 19186 5H3— 251s 5051. 2! 19790. 8: 
5203 .2 19213 ™Mg— 254 5049.06 30 | 19800. 
5201. : 19220. "K3— 262, 5045.39 | 19814. 56 | 
5198 2 19232. § 5H3— 252, 5042. 5 | 19826. 66 | 
5192. 2! 19255 . 05 TK; — 2505 5035. 19854 . 65 


5191.51 | . 19256.§ A?— 230; 5027 . 19885.5 
5189.54 j 19264. 5H} —252; 5022. 19904. 
5189.21 | 30 | 19265. D3— 296s 5021. 19910. 
5188.57 25 19267 . 5K3— 235, 5019. 19915. 
5180.89 | 5 19296 . 35 5K3—2356 5016. 19929. 


19942 .¢ 
19948. § 
19956. 
19959 .7¢ 
19978 .42 


~] 
uo 


5180.03 | y 19299 .5 7K3— 263; 5012. 
5177.22 5 | 19310. Ai—231s 5011. 
5170.90 | y 19333 . 62 Aj— 269, 5009. 
5168.79 | : 19341. B;— 300; 5008. 
5168.25 ) 19343. Aj— 270; 5004. 


~ 
oreo et 
coovVvrs 


ty 


19994 . 66 
20000 . 20 
20000.78 
20034. 
20041. 


5166.74 20 | 19349 Aj—308. 4999 . 9: 
5164.14 19358 . 9% C}— 274, 4998 . 56 
5160.6 } 19371. 96 5T; — 238, 4998 . 
5156.03 | 2: 19389. B}— 267, 4990. 
5155.5 8 19391 .: Aj — 309; 4988 . 


i) 
Aanameon COnwd 


20047 . 
20051. 
20056. 
20058 . 
20066. 


5154 5 | 19396. Af—231, 4986. 
5148.95 | 5 | 19416. "K3—251s 4985. 
5146. é 19423. ™M3— 256, 4984. 
5144.! j 19432 B?— 268, 4984. 
5144. 19434 A3— 309, 4981. 











nee 





TaBLE 4.—Classified lines of U 


1—Continued 





4978 . 2: 


4972 


4970.: 
4967 . 33 
4963 .< 


4961 


4959.5 


4955. 


4955.7 
4954.96 


4949 


4944. 5: 
4941 . 4 
4934 .5 


4933 


4928. 
4921 .: 


4919 


4918. 


4916 


4910.3: 
4906. 
4904.2 


4901 


4896. ; 


4895 . 6 


4889 
4885 


4879.7 
4878.5 


4878 


4874.3! 
4868 . 87 
4866.59 | 
4866.48 


4856 


4852.96 | 


4850. 5§ 


4848 


4345.6 


4842 
484] 


4835 .§ 


4834 


4827 . 


4816 
4816 
4815 
4814 
4812 


4810. 


4808 


4805.2 
4800.2 


4794 


4791 
4790 
4790 
4789 
4787 


50 


57 
38 
06 | 
03 
60 | 


TABLE 4.—Classified lines of U 


1—Continued 





Intensity 


Pveccm™=! 


Term combination 


AairA 


Intensity 


Pvacttn™! 


Term combination 





| 


| 


20081 . 
20104. 
20114. 
20125. § 
20142. 


20151. 
20157 . 
20172. 
20172. 
20176. 


20198. 
20218.8 
20231 . 2! 
20259. 
20265. 


20284. 
20313. 
20323. 
20324. 
20332. 4: 


20359. 
20376. é 
20384 . ¢ 
20395. 
20417. 


20420. 
20447. 
20464. 
20487 . 
20492. 


20493. 
20509. 
20532 . 95 
20542. 
20543. 


20584 .£ 
20600. 
20610. 
20621. 
20631. 


20644. 
20650. 
20672. 
20680 

20707 . 


207 54. 
20756. 
20759.! 
207 66.5 
20772. 


20780. 
20792. 
20804. 
20826. 
20851. 


20864. 

20869 . 36 
20870.73 
2087 5.22 
20881 .49 


rst Spectrum of Uranium 








5]; — 245; 
D3— 302, 
5Lg—201, 
A3— 239s 
7Mg— 263; 


B3— 274, 
5K3— 244, 
5K3— 244, 

Aj— 278; 
™K3— 259, 


Aj—317; 
51.3— 202, 
5K3— 208; 
5K3— 245; 

Af— 240, 


5K3— 245, 
5H; — 263; 
5K§3— 209, 
Ag— 279, 
C3— 284, 


7™M3— 266, 
7K3— 273; 
At— 241, 
5K3—246, 
B3— 277, 


51.3— 204, 
C#— 285, 
51L3— 204, 
51; — 249, 


B3— 278, 


"Kg — 274, 
7Mg— 268, 
A3— 243, 
7™M3— 269, 
"Ks — 263; 


Bij—312, 
™K§—27 56 
"K§g— 276, 
5Lg— 206; 
5K3— 249; 


5K3—212, 
A$— 244, 
Bg—314, 
C3— 287, 
51;—25l, 


"K3— 265, 
C3— 289, 
Bg—314, 
5L3— 207, 
"Kg— 277; 


A3— 245s 
Bs— 281, 
"Ki — 265s 
B3— 282, 
5Lg— 208; 


5H; — 268, 
7K; — 266, 
A§— 246. 
C3— 2895 
"K3— 278, 


4782. 
4779. 
4777 . 
4773. 
4768. 


4761. 
4756. 
4750. 
4744. 
4744. 


4743. 
4739. 
4738. 
4732. 
4730. 


4727. 
4727. 
4715.6 
4706. 
4701. 


4697 . 
4696. 


4695 
4694 


4691. 


4686. 
4682. 
4681. 
4666. 


4663 


4662. 
4661.6! 
4651.1: 
4643. 
4639. 


4633 


4631 


4630. ¢ 
4623. 
4620. 


4620. 
4618. 
4612.9: 
4608 . 3: 
4605. 


4603. 
4599. 
4594.8: 
4593 . 6! 
4592. 


4592. 
4588 . 6: 
4577 .5 
4576. 
4575. 


4574. 
4571. 
4571. 
4563. 
4558. 








— bt RD ee 


wm CO 
CBAaoe Ocrerts @ 





20902. 
20918. 
20924. 
20943. 
20964 . 


20996 . 


21016.6 
21043. 


21072. 
21073. 


21075. 
21093. 
21098. 


21124. 9: 


21132 
21146. 


21147 . 6% 


21199. 
21240. 
21265. 


21280 


21288 . 5 
21292 .2 
21294 .6 


21310. 


21330. 
21352. 
21356. 


21422. 6: 


21435. 


21440. 
21445. 
21494. 


21528 .{ 


21548. 


21575.9 


21584 . 67 


21588. 
21620. 
21636. 


21637 . 
21644. 8: 


21672. 
21693 
21707. 


21716.8 
21737 . 4 
21757 .4 
21763 .1% 


21766. 


21767. 
21786.8 


21839. 
21843. 


21851. 


21855. 
21867 . 


21869. 


21904. 


21933. 


5Kj—251; 
C#— 290s 
5Ks—215, 
513 — 209, 
5Kg—215¢ 


TK3— 268, 
5K3— 216; 
5K§— 2535 
Aj— 249, 
5K3—2536 


™M3— 273; 
TK3—281¢ 
D3— 314s 
B}— 284, 
™Mj— 273; 


5K3—217, 
5Kg— 218, 
513; — 256, 
Bs— 285, 
5Lg—212, 


7Kg— 283, 
Bg— 319, 
Aj 251; 
C3— 294, 
TK3— 2705 





5..g— 213; 
51; — 2585 
™M§— 2756 
Bg—321, 
5K3— 220, 


C3— 2956 
™K3— 284, 
C3— 296, 
™Mj— 277; 
B3— 289, 


D3— 319, 
5Lg—215¢ 
A$— 253s 
D3— 318, 
5Lg—216, 


™Mg—278, 
7Kg— 287, 
C#— 297, 
Aj— 293, 
Bi—290¢ 


7Mj—279; 
™K§— 27 4, 
5K3— 223, 
5K3— 224, 
5Lg—217, 


5Lg— 218, 
‘Hj— 277; 
C#— 300, 
5Kj—224, 
) FF — 263, 





™K3— 288, 
C3— 299, 
7Mj—281, 
Ag— 295, 
5K3— 261, 





Tass 4.—Classified lines of U 1—Continued Taste 4.—Classified lines of U 1—Continued 











| ——< of | 
Intensity | Pveecm-* | Term combination AeirA Intensity Prec! 
| 











21949 ‘K3— 262, 4373.08 22860. 
21962 5K3—225¢ 4372.76 22862. 
21964. 5K3— 225, 4372.01 | 22866. 
21967 .1! Aj— 296s 4371.76 22867 . 
21988 At— 2575 4369 . 96 22877 . 


21990.7 At— 257.6 4368 . 47 22884 
21999. 5K3— 262; 4362.80 22914. 
22024 .7! Af— 2586 4362.05 22918. 
22036 .76 ™3— 283, 4357 .92 22940. 3 
22056. : 5Lg— 2205 4355.75 22951. 


22063. 513 — 265, 4352.59 22968 .: 
22087 . B}— 2945 4349.71 22983 . 
22088. Bj — 327; 4349.07 5 | 22986. 
22130. D3— 324, 4343 .53 23016 
22133 *Kj—227, 4337 .63 23047 . 


22146. 56 | Bj— 292, 4337 .40 23048. 
22192. Aj— 299, 4335.73 23057 
22195. ™M3— 284, 4329.42 | 23091 .< 
22216. C#— 301, 4328.73 | 23095. 
22242. 5K3— 22856 4328.01 23098 


22291. 5K3— 2655 4325 .38 23112.5 
22309. Bj— 294; 4323.05 | 3 | 23125. 
22332. Kj — 266, 4318.09 f 23151 
22368 .! $13 — 223, 4317 .07 30 | 23157 .: 
22371. C3— 3034 4316.48 f 23160. 


22381 . 5¢ C#— 304, 4315.82 f 23164. 
22408. At— 261, 4313.13 23178.£ 
22424 .7§ A#— 262, 4312.39 23182. 
22439 . 2% Hj — 283, 4311.31 23188. 
22467 .: ‘1; — 2695 4309.68 2: 23197 


4466 
4461 
4458 
4455 
4449 


nue 


22468. Ci#— 3056 4309.17 23199 
22471. B#— 298, 4308 . 20 | 23205. 
22474. A$— 262, 4304.81 | 23223 .: 
22483. 5K3— 268, 4303 . 80 23228. 
22512. A?— 263s 4301 f 23240. 


4449. 
4448. 
4448 . 3: 
4446. 
4440. 


SESaw 


4438. 22524. C#— 306; 4297 .92 23260 .5 
4435.16 5 22540. - 296 4295.88 f 2327 1 . 5S 
4430 : 22566. <f- 4293 .30 23285 . 5¢ 
4426. 22582. 4 , 4288 . 84 | 23309. 
4425 22590. At— 263, 4288. 23310.5 


4421. : 22611. ™M3— 288. 4287 .7! 23315. 
4420. 22616. B3— 297, 4287 .: 23316. 
4418. 2s 22625. ™Ms3— 289, 4286. 23325. 
4414 22645. *K3— 269, 4285. 23326. 
4414 22648 . A3— 265, 4285. 23329. 


4413 : 22653. Aft— 264, 4283. 3 | 23340. 
4412 2 22658 . 5Hj— 287; 4276. f 23379. 2: 
4405. ‘ 22691. A?— 265, 4273. 23395. 
4403. 4 22705. 5K3— 233; 4271. 5 | 23405. 
4398 22730.72 | ‘;—271, 4271.12 | 3 | 23406 . 


4394 .45 : 22749. 59 | At — 265s 4270.25 23411. 
4393. : 54.01 | 5Lg— 227, 4266 . 3: 23432. 
4387 . ; . ™3— 290, 4265. 23439. 
4385. 4! j .16 Ai— 266s 4259. 23468. 
4385.3 ‘ 5Kg— 2705 4259. 23470 


4383. § P At— 266, 4256. 23484. 
4382 , 5Kg— 234, 4256. : 23486. 
4382. ‘ : 5K3— 234; 4255. 23494. 
4378. : . A3— 266, 4253. 23502. 
4373 f ™M3— 291, 4249. 23523. 


Journal of Re 








Intensity 


| 
| Term combination 


23541 .73 
23543 . 52 
23572 .12 


23616. 55 
23624.71 


23631. 
23653. 
23655. 
23660. 
23665 .5 


23676. 
23690 . 2: 
23698. 
23709. 
23712.8 


23713. 
23715. 
237 37 .3 
23747. 
23758 


23779 
23804 
23812. 
23823. 
23827 .7 


23840 
23843. 
23848. 
23849 
23876 


23898 
23914. 
23931 . 1: 
23932. 
23943. 


23952. 
23974. 
23979. 
23991 . 
24010. 


24017. 
24026. 
24030. 
24045. 
24050. 


24051. 
24066. 
24103. 
24117. 
24119. 


24136. 
24151. 
24165. 
24168. 
24185 


— bo 


om 
ooucgc 


24194 
24202 
24221. 
24231. 
24241 


wwoonc 


st Spectrum of Uranium 


™M3— 297; 
5Lg— 235, 
5Lg— 235. 

™M3g— 2986 
A3— 312, 


*Kg— 306, 
5H3 — 296; 
A3—313, 
B?— 3095 
5K3—278, 


A3— 274, 
5Kj— 279, 
Bs— 310, 
™M3—300, 
D3— 340, 


Aj— 314, 
5Lg— 237, 
7™Mg— 2996 
5K3— 279% 
D3— 341s 


5Lg— 237, 
A}— 275s 
5Kg— 244, 
5Kz— 281. 
5K3— 244; 


B3— 311, 
5K3—281, 
5Lg— 238, 
C3— 318, 
5K3— 282, 


C#— 320, 
5K3— 245; 
™K3— 3095 
5.3— 239; 

At— 277, 


Bs— 312, 
Bi—313; 
C3— 321, 
5T; — 284, 
5K3— 283, 


A}— 278s 
51.3— 240, 
™M3— 302, 
™M3— 300, 
513; — 2855 


5K3— 246, 
5Lg— 240, 
TK3— 298, 
By— 312, 
B}—314, 


5K3— 247, 
5H3;— 301; 

A3— 279; 
5K3— 284, 
5Lg— 241, 


5K3— 284, 
™Mj— 302, 

At— 279, 
5H3;— 302, 
™M3— 3035 


TaBLe 4.—Classified lines of U1—Continued 


4086 


4083. 








4076. 6: 


4075. 


4074 .6 


4073. 
4072. 
4070. 
4068 . 
4066 . 


4064. 
4064. 


4061 .35 


4060. 


4059 .5 


4058 . 
4055. 
4055. 
4051. 
4049. 


4049. 
4047. 
4042. 
4037 . 
4036. 


4035. 
4035. 
4034. 
4031. 


4025. 


4022. 
4013. 
4008. 
4005. 
4004. 


4000.73 | 


3999. 
3996. 


18 


09 | 


| 
| 
| 


24247. 
24270. 
34 
54 
. 67 


24318. 


rveccm™! 


24277 
24286 
24290 


24320 


24328 . 
24333. 


24351 


24372. 
75 
.79 
24 | 
02 | 


24387 
24396 
24433 
24448 


24462. 
. 64 
18 | 


24484 


24523. 
24530. 
24535. 


.73 
24546. 
72 
24572. 


24541 


24557 


38 | 


41 


01 
18 
68 
77 


80 
03 


86 


07 


26 | 


02 


24585. 


24597. 
24599. 
24615. 


24619 


24626 .5 


24635. 


24648 


24650 . 4: 


24674. 
24689. 


24690. 
24698. 


247 28 .6 


247 57. 


24765 


24772. 
24775. 
24779. 
24797. 


24834 


24850. 
24906. 
24940. 
24960. 


24962 


24976 .! 


24988 . 
24998 . 
25011. 
25017. 


25026 . 
25060. 
25094 . 


25113.5 


25128 


| Term combination 


A$— 280, 
"K3—312, 
Ag—319s5 
5Kg— 2495 
5Kg— 2857 


At— 281, 
5Ky— 24% 
Ag—319, 
sLg— 243, 
At— 282, 


C}— 324. 
™M3— 306, 
5Kg— 2505 
5Lg— 244, 
5Lg— 244, 


Aj— 321.5 
At— 283, 
5K 3— 287, 
Bj— 3167 
514— 2455 


TK; — 303, 
TK3— 315s 
S5Kg—25l15 
*K3—301¢ 

Ag— 284, 


Bs— 3195 
5Kg3— 289 
5K3— 2525 
5Kg— 288, 
™M3— 307. 


5K3— 2525 
Bs— 319; 
A}— 284, 
Aj— 285, 

TK3— 302. 


B3— 320, 
5K3— 2535 
5K3— 253.4 
5Kg— 2906 

At— 285: 


Bs— 321, 
™3—310; 
51; — 292, 
513— 292, 
5Kg—29l¢ 


5Kg— 2925 
5Lg— 2495 
TK3— 3195 
51; — 294, 
"K3—318; 


51; — 295s 
5H; — 309, 
A}— 287, 
"K3— 320, 
5Lg— 2505 


*M3— 312, 
Aj— 288, 
A}— 288, 

TK3— 307. 
Aj— 327; 


69 





TABLE 4.—Classified lines of U1—Continued TaBLe 4.—Classified lines of U1—Continued 














i 


| 
AairA Intensity Practm! Term combination Intensity Pv ect 











25986 . 5S 
25989. ¢ 
25996. 
26011. 
26018. 


26036. 
26045. 
26064. 
26068. 
26086. 


26095. 
26103. 
26157 . 
26171. 
26175. 


25132. 43 7K3— 308, 
25151. B}— 3243 
25164. B3— 324, 
25171. 5K3— 2576 
25178. 5Lg— 251s 


3977 .§ 
3974.7: 
3972.7: 
3971. 
3970. 


3969. 
3968 . 5: 
3968 . 26 
3966. 
3964 . 2: 


nw — 
caw >» 

_ 

to to 

SC wSCMOwow 


Norwcc 


25185. 5K3— 2585 
25191. 51; — 296; 
25192. A#— 2895 
25205. 5K3— 2585 
25218. ™Mj—314; 


25232. A#— 290. 
3961. 25235. 5L3— 252, 
3961. 25236. A#— 2903 
3958 . 9% 3 25252. SHj—313, 
3954. 25283. 5K3— 2956 


3952.4! 25293. C3— 334, 
3951. 25302. ™M3—315¢ 
3950. 48 : 25306. Ai— 291, 
3950.05 ‘ 25308 . Aj—291, 
3948. 2 | 25315. B3— 326, 


3948. : 25317 . 9: 5K3— 259% 
3948. 5 | 25319. 5Lg— 2535 
3947 |! : 25325. A}— 292, 
3943. 25348. 5L3— 2535 
3940. 25373. TK3—311¢ 


3938 . 65 : 25382. Aj— 292, 
3928 . 4: § 25448. B3— 327, 
3926.7: : 25459. TK3—312, 
3926. 50 | 25462. 5Lg— 254, 
3924. 25476. 5Hj—314; 


3961 . 9! 


rob 
Wr 


to 





a 


26184. 
26225.! 
26226. 
26241. 
26246. 


— 
~) bo 
ao 
OF FOO COMO AWUns 


— 
P= 





26300. 
26305. 
26326. 
26367 . 
26379. 


to 


Nowe Ore OD Cr 


26391. 
26435. 
26452. 
26459. 
26478. 


26483. 
26493 .! 


_ 


— —_ — 
onmou 


3923. 2 | 25483. 5K3— 261, 
3921. 5 | 25495. ™3—3175 
3918.1! } 25515. 5K3—297, 26526 . 4: 
3917 . 22 j 25520. C3— 336, . 26539. 
3913. 5 25545. Aj— 294, ' 26550. 


3910. § 25561. 5K3— 299, 4! 26563 . 8: 
3905.12 | g 25600. A} — 294, 3. 26565. 
3904 .35 | j 25605 . 2: 5K3— 262, ; : 26566. 
3903 . 26 25612. A$— 294, , 26599 
3898 . 66 25642. 5Hi— 316, d é 26631 . 4 











3894. 25672. 5Lg— 256, 26650.7 
3892. 25684 . 5K3 — 263; 9. 26660. ¢ 
3891. j 25689 .7: ‘1;— 301, . 26676. 
3889 25705 . 5¢ TK3— 314; : 26715. 
3887 . 25718. 7Mg— 318, 38 26749. 








3886. 25725. ™3— 319, 267 58. 
3885. 25726. 7K — 315s : 26779. 
3881.15 25758. A#— 2956 26785 .8 
3879. 5: : 25769. 51; — 302, A 26791. 
3876.45 i 25789 TK3—315¢ . 26835 . 


3876.1; 25791. ‘ ', 26842. 
3873 . 0! f 25811. - . 26879. 
3871. : 25825. — 2! 26886. 
3867 . } 25849. , 26890. ! 
3867 . é 25851. of 26920. 


3864. 25871. TK3— 3164 : 26961. 
3855. 25930. 5K3— 2656 : 26985. 
3854 . 2: 25938. 5LE— 259% 
3852. 25946. 5K3— 265s 
3851.72 25955. 07 5Hj—319, 





























ined TaBLEe 4.—Classified lines of U1—Continued TaBLe 4.—Classified lines of U1—Continued 
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Intensity Pvactm™t Term combination ied Intensity wv ecCIn~ | Term combination 


| | 
3695.21 | 20 | 27054. ™K3—340, 42 | 28173.57 | A3—319, 
| 





3694 5 27062. 5K3— 276; .55 28188. 5Lg—281; 
3692.75 | 30 27072. 5Lg— 2705 ; 28214.¢ 5Kj— 324, 
3692.4: 10 27074. A3— 307, 5 f 28220. 5Kj—325.4 
2689.86 | 5 27093. 6: A3— 308, . 28240. 5 5K3— 288, 


27111. A3— 309, 28254. 5K3— 289, 
27 123.6 5K3—277, 28272. A3—321, 
27170. 5K3— 278, 28285. 5Lg—283, 


3687 . 46 30 
3685.78 | 40 
3679.3 60 
3676.52 10 27191. S‘K3—314; ; 28413. 5K3— 290, 
27212. 5K3—315s ; 28444. 5Lg— 284; 
27223. A#—310, : 28470. 2: 5Lg— 284, 
27275. 5K3—315¢ : 28489. 5K3—291, 
27290. 51j—3175 28503 . 5Lg— 2855 
27320. 5K3— 278, : 28505. 5K3— 292, 


27324. 5L3— 273, , 28562. 5L3— 2865 
27352. Aj— 312, 6 28566 . 46 5Lg— 2857 
27365. Ai—3l1l, ; 28612. 5K3— 292; 
27375. A§—313, .< 3 28650 . 3% 5Lg— 287; 
27381. 5Lg— 273; . 28677 . Ai— 324, 


3673 
3672 
3665 .: 
3663 


3659 


3658 
3654 
3653.2 
3651 
3651 





3649 27390. ™M3— 336, : 28780. 5K3— 294, 
3648 . 25 F 27402. 5K3— 279, ¥ 28840. A? — 326, 
3644. j 27432. 5K3— 280, : 28860. ¢ 5L§— 288, 
3639 : 27 468. 5K3—317;, : 28875. 5.3 — 289, 
3638 . 6 27475. 25 A3—312, ; ‘ 28938. 5K3— 2956 


3638.2 E 27478. At—312, 4g 29099. 5K3—297, 
3636 .; 5 27492. 51; — 319; _ 29109. 8: 5Lg—291, 
3635.: 30 27500. A3— 313, 32.36 29126. 5L3— 292, 
3627 .7 6 27557 .8 A3—314, 31. 29136. 5Kj— 334, 
3626.36 f 27568. 5K:— 281, ' 29245. 5Kg—298, 


3620.08 27615. 5L3— 276. 29295. 5K3— 335, 
3616.3; 27644. 29366. 5K3— 299, 
3612.96 27670. 29400. 5Lg— 294, 
3611 27682. 29522. 5K3— 301, 
3603 27741. 29612. 513; — 340, 


| 
3677 . 38 60 27185. Aj— 309s . 28297 . Af—321, 
| 
| 
} 
| 
| 


morbo bo or 


29674 . 0: 5K3— 300, 
29769. A}—335; 
29837 . 5L3— 299, 
29865. 5Lg— 298, 
29878. 5K3— 304, 


3603. 36 27743. 
3602. 4! 27750. 
3600. 56 27765. 
3598 27778. 
3594 27810. 


_ 
ororq@oo cg 


29958. 5L3— 300, 
29986 . 4: 5Lg—299, 
30143. ‘Lj—301, 
30197 . Aj—340, 
30259. A3— 340, 


3593. : 27822. ’‘K3—321, 
3592. : ‘ : 5K3— 284, 
3591.7 f 5K3—284, 
3589 5K3—284, 
3587.78 : 5]; — 323, 


ie Bn Be oR? ok) 


30279. *L§— 302, 
30304. Aj— 341s 
30359. *K3— 309, 
30451. 5L3—302, 
30490. 5L3— 303, 


3585.35 . 5Kg— 2855 
3584.8 ’ 5L3— 278, 
3580. ; 5K3— 285, 
3577 .§ *Lj— 278 
3577 .7 27942. 5K3— 286; 


— 


30500. 5Lg— 304, 
30509. ‘Ke—311, 
30514. 5K3—311, 
30586. 5L3— 3056 
30600. 5K3—312, 


3574. ’ 5Lg— 27% 
3567. 28022. 5Lg—27% 
3566.6 28029. 5K3— 287; 
3565. 28042. 5K3— 323, 
3564. 28048. 5L3— 280, 


_ 
Chom Who > 


t 


3563. 28053. 5L3— 280, *K;—313, 
3557 .8 28098. ‘Lg—281, 
8555 . 32 28118. 5L3—281; 
3554.8 28122. A}—319, 
3549 28167 . Ai—318; 


t 
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3235. 
3225. 
3223. 
3212. 
3211. 


3210. 
3207 . 
3196. 
3189. 
3187. 


30894. 46 | 
30993.09 | 
31013.72 
31124.03 
31129. 52 


| 
ses | 


5Lg— 308, 
5Lg— 310; 
5K3— 316, 
5K3—317;, 
5L3—311, 


5Lg—311, 
5Lg—311, 
5Lg— 312, 
51g—313; 
5L3—314, 


5Lg—315s 
‘Kj—32l, 
5Ki—3256 
5L3—319, 
5L3— 320, 


5Lg— 321, 
5Lg—324, 
5Lg— 325, 
5L3—326, 
5K3— 334, 


5Kj— 336. 


NeOOeOND 


31166 .29 
31276 .12 
31339. 84 
31358 .73 


31488.25 | 
31520. 94 
31875 .54 
31946 .01 
32016 .76 


32098 .19 
32490.73 
32495 .83 | 
32641 .92 | 
32791. 96 


33019 .20 
33412 .29 | 
33570. 67 
33639 . 60 
34059. 87 


3174. 
3171. 
3136. < 
3129. 
3122. 
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3114. 
3076. 
3076. 
3062. 
3048. 


3027. 
2992. 
2977 .§ 
2671. 
2935. 


Soawa @Cnwonw 


15 





From the spectroscopic evidence presented in 
this paper, it is clear that uranium is an element 
of the rare-earth type; that, in fact, it is the 
homologue of neodymium, being the third member 
of a series beginning with thorium. That the 
seventh period of elements in the periodic system 
should encompass a second group of rare earths 
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(John 


similar to the group in the sixth period was fore 
more than 20 years ago by Bohr [14]. Since ¢ 
time opinion has differed concerning the ato 
number at which the binding of the 5f elecy 
first sets in. Some investigators, notably Vj 
[15], have suggested Th(90), others U(92), » 
still others, including Starke [16], the transuran 
element 93 as the first in which a 5f elech 
appears. In each instance the basis of opin) 
was evidence derived from chemical behayy 
nuclear activity, behavior of ions in crystals 
solutions, etc. The testimony of the spectrose 
however, in selecting thorium for this role 
unique and decisive, and it is supported by { 
recent spatial classifications of the elements 
Djounkovsky and Kavos [17] and by Talpain {\j 
which array thorium, protoactinium, and urani 
as the chemical homologues of cerium, pray 
dymium, and neodymium. 

At the present time the state of the analysis 
U1 does not permit a calculation to be made of| 
ionization potential of neutral uranium atoms fn 
series-forming terms. Nevertheless, an appna 
mate value of 4 volts for this important ate 
constant may be estimated from the fact th 
no lines of neutral atoms have been found bel 
wavelength 2900 A. This accounts for the « 
with which uranium is ionized in electric arcs, : 
magnetic fields, and explains the appearaw 
of lines due to ionized atoms in the red and na 
infrared regions and their overwhelmimg p 
ponderance in the regions of shorter wavelength 
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